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PREFACE 


Once again it is our pleasurable opportunity to thank the many 
who have collaborated in preparing this present volume of the An- 
nual Review of Biochemistry. All of the manuscripts were received ; 
there were no last-minute withdrawals. For this unanimity in response 
we are especially grateful. 

Some manuscripts were unusually late. Unavoidable difficulties 
were encountered at the Press. This combination of events led to an 
unfortunate delay in publication. We are increasingly hopeful that 
within another year or two prompt publication of the Review may 
again be possible. 

The usual difficulties attendant upon the war have again been 
experienced in preparing this present volume. They need not be re- 
cited, for to all of us, authors and readers alike, they are quite familiar. 
In view of the continuing inaccessibility of some foreign journals we 
would venture to renew our appeal for reprints, especially from our 
colleagues abroad; these will be distributed to the authors of forth- 
coming reviews. 

Again we would express our gratitude to Professor H. S. Loring, 
to our editorial assistants, to our office staff generally, and to the 
Stanford University Press for their fine co-operation throughout. 


H.J.A. C.L.A.S. 
D.R.H. J.H.CS. 
J.ML. H.A.S. 








ERRATA 


Volume XII, page 34, line 10 from bottom: for carbon suboxide (C,O,), read 
carbon suboxide (C,O,). 





Se es a! lO | lee a. Cea 














CONTENTS 


BIOLOGICAL OXIDATIONS AND Repuctions. D. E. Green and 
P. K. Stumpf . ‘ 

NON-OXIDATIVE ENzyMEs. T. pre es C. Lutz tie or 

THE CHEMISTRY OF THE CARBOHYDRATES. W. Z. Hassid 

THE CHEMISTRY OF THE Lipips. J. B. Brown , oak 

THE CHEMISTRY OF THE PROTEINS AND AMINO pony 
H. Neurath and J. P. Greenstein eee eee mee 

THE CHEMISTRY AND METABOLISM OF THE COMPOUNDS OF 
PuospHorus. A. A. Green and S. P. Colowick 

CARBOHYDRATE METABOLISM. E. A. Evans, Jr. 

Fat Metaso ism. R. H. Barnes and E. M. MacKay. 

THE METABOLISM OF PROTEINS AND AMINO Acips. C. P. 
Berg : 

THE STEROIDs. F. C. Koch ‘ 

THE BIOCHEMISTRY OF THE NUCLEIC prem Puninie AND 
PyRIMIDINEsS. H. S. Loring . i oe oe 

MINERAL METABOLISM. R. A. McCance and E. M. Widdowson 

THE CHEMISTRY OF THE HORMONES. H. Jensen 

THE WATER-SOLUBLE VITAMINS. J. C. Keresztesy 

THE Fat-SoOLusB_eE Vitamins. W.C. Russell 

Nutrition. W. H. Sebrell . ; 

THE NUTRITIONAL DEFICIENCIES IN Vane Santali ON _— 
URAL FEEDs. C. F. Huffman and C. W. Duncan 

THE BIOCHEMISTRY OF MALIGNANT TISSUE. D. Burk and R. J. 
Wingler . 

THE ALKALOIDs. R. H. F. Sanity 

SYNTHETIC DruGs—ANTISPASMODICS. F. F. Blicke 

PHOTOPERIODISM IN PLants. K.C. Hamner 

CHLOROPLAST PicMENtTs. H. H. Strain 

MINERAL NUTRITION OF PLants. F. J. Richards , 

GROWTH-REGULATING SUBSTANCES IN PLants. J. van Over- 
beek ga eee 

THE BIOCHEMISTRY OF Said, E. L. Tatum 

HisTocHeEmistry. D. Glick 

INDEXES 


PAGE 


25 
59 
93 


117 


155 
187 
211 


239 
263 


295 
315 
347 
367 
411 
441 


467 


487 
533 
549 
575 
591 
611 


631 
667 
705 
735 








BIOLOGICAL OXIDATIONS AND REDUCTIONS 
By D. E. GREEN AND P. K. Stumpr 


Departments of Medicine and Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York 


IRON PORPHYRIN PROTEIN ENZYMES 


There has been a revival of interest in the study of peroxidase after 
a lull of some years. Agner (1) working with empyema fluid of 
tuberculous patients succeeded in isolating the so-called verdoperoxi- 
dase of leucocytes in highly purified form. The final product with a 
pronounced green color contained 0.1 per cent iron and about 1 per 
cent hemin. It was homogeneous as determined both in the ultra- 
centrifuge and in the Tiselius apparatus. 

The catalytic activity of verdoperoxidase per mole of hemin is 
less than 1/10 of that of peroxidase prepared from horse radish. In 
addition the two enzymes have different absorption spectra. However, 
both form compounds with hydrogen peroxide, hydrogen cyanide, 
sodium azide, and hydroxylamine, and catalyze the oxidation by 
hydrogen peroxide of much the same types of organic compounds. 

Theorell & Akeson (2) have purified milk peroxidase to the point 
where it is probably homogeneous. The best preparations contained 
about 0.076 per cent iron. The absorption spectrum was not identical 
either with that of verdoperoxidase or peroxidase .prepared from 
horse radish. The catalytic activity, however, was fairly close to that 
of verdoperoxidase. On reduction with sodium hydrosulfite the 
brownish green solution turned a pure green color. The a and 6 ab- 
sorption bands of the pyridine hemochromogen formed from milk 
peroxidase did not correspond with those of protohemochromogen, 
being shifted 5 and 10 A respectively toward the red end of the 
spectrum. Compounds with hydrogen cyanide, hydrogen peroxide, 
and fluoride were also formed by the milk enzyme as shown by changes 
in absorption spectrum. 

Theorell (3) carrying the method of Keilin & Mann for the puri- 
fication (4) of horse radish peroxidase some steps further has suc- 
ceeded in isolating the enzyme in homogeneous and crystalline state. 
The homogeneity was demonstrated in the cataphoresis apparatus and 
by test of solubility in ammonium sulfate solutions. The hemin con- 
tent of the final preparation was 1.48 per cent. The molar paramag- 
netic susceptibility of peroxidase and some of its derivatives were 


1 











2 GREEN AND STUMPF 


measured and it was concluded that despite the spectral similarity of 
peroxidase and ferrihemoglobin noteworthy differences exist in regard 
to their magnetic properties. 

To date four distinct peroxidases have been isolated, viz. (a) 
horse radish peroxidase, (b) verdoperoxidase, (c) milk peroxidase, 
and (d) cytochrome-c peroxidase. The last mentioned isolated from 
yeast (5) is unique in that it catalyzes the oxidation by hydrogen 
peroxide of ferro cytochrome-c only. The other three peroxidases 
attack a great variety of substrates including aromatic amines, phenols, 
diamines, ascorbic acid, and ferrocytochrome-c. Sumner & Gjessing 
(6) have reported variations in the properties of plant peroxidases. 
Apparently the peroxidases from horse radish and milk weed have 
different affinities for hydrogen peroxide. These are probably minor 
differences like those which exist between the hemoglobins of different 
animal tissues. 

Theorell et al. (7) have extended their experiments on the re- 
versible resolution of horse radish peroxidase. The protein moiety 
was separated from the prosthetic group by precipitation with acetone 
in dilute solutions of hydrochloric acid. The prosthetic group re- 
mained in solution. The split protein combined with protohemin, 
mesohemin, and deuterohemin, respectively, to form compounds with 
100, 53, and 62 per cent of the original activity. Other hemins formed 
compounds with the specific protein but without catalytic activity. The 
time for complete combination varied from a few minutes to twenty- 
four hours. The rate of combination could be followed by the change 
in spectrum which accompanies the formation of the hemin protein 
compound. The new peroxidases formed respectively by meso- and 
deuterohemin had different absorption bands from the natural perox- 
idase which contains protohemin. The previous review has already 
dealt with the synthesis of active peroxidases in which metals other 
than iron are present in combination with protoporphyrin (8). It 
appears therefore that peroxidase from horse radish is less specific 
as far as the components of the prosthetic group are concerned than 
hemoglobin, although both contain the same prosthetic group. 

Chance (9, 10) has made a very notable contribution to the 
kinetics of peroxidase and indeed to the fundamental theory of 
enzyme kinetics. He has perfected a micro modification of the Hart- 
ridge-Roughton flow apparatus for studying the kinetics of rapid 
enzyme reactions. Enzyme and substrate were mixed rapidly in a 
suitable flow chamber ; the changes in light absorption which accom- 
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OXIDATIONS AND REDUCTIONS 3 


pany chemical reaction were picked up by photocells and the progress 
of the reaction was measured directly by the photoelectric amplifiers. 
Mirror oscillograph recordings were made of each kinetic run. He 
found that horse radish peroxidase forms a compound with hydrogen 
peroxide with extreme rapidity (k, = 1.2 & 10° liter mole? sec.-*). 
This rate is similar to the measured value for the reaction of oxygen 
with muscle hemoglobin (1.9 107 liter mole sec.-'). The equi- 
librium for the enzyme-substrate combination favors almost complete 
association (K = 2 x 10°°M). Chance’s data substantiate the con- 
clusion that a second order combination of enzyme and substrate is 
followed by a first order decomposition reaction. The rate of break- 
down of the intermediate compound of peroxidase and hydrogen 
peroxide in presence of an acceptor like leuco malachite green is 
small compared to the rate of synthesis. For a particular concentra- 
tion of malachite green k, was found to be 4.2 sec.*. The kinetics 
of peroxidase indicate that a chain mechanism plays no significant 
role, if any, in the mode of action of peroxidase. There was some 
indirect evidence that the acceptor forms a compound with the enzyme- 
substrate compound. These experiments of Chance provide the first 
direct experimental proof of the classical Michaelis theory of enzyme 
action. 

The structure and mode of action of catalase are still being actively 
investigated. Agner (11) has prepared crystalline catalase from horse 
liver by a new method. His best preparations contained 0.093 per 
cent iron, 0.8 to 0.9 per cent hemin, and ca. 0.02 per cent copper. 
Only 75 to 85 per cent of the total iron was bound to hematin. Agner 
confirmed the presence of bile pigment in the catalase molecule in the 
ratio of 1 bile pigment to 3 hemins. He is of the opinion that the 
bile pigment is a natural constituent of the enzyme and that it does 
not arise by degradation or oxidation of one of the hemins in the 
catalase molecule during the isolation procedure. Lemberg (12) has 
championed the theory that the bile pigment of catalase is a degrada- 
tion product of hemin. His main evidence is that bilirubin is formed 
by oxidation of hemoglobin in presence of ascorbic acid as catalyst. 
Perhaps a more cogent line of evidence is the observation of Agner 
(13) that catalase isolated from erythrocytes does not contain bile 
pigment and that the catalytic activity of erythrocyte catalase per mole 
of enzyme is some 50 per cent higher than that of liver catalase. 

Theorell & Agner (14) have made paramagnetic susceptibility 
measurements of horse liver catalase and its derivatives, the results 
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of which they believe render unlikely the theory of Keilin & Hartree 
(15) that hydrogen peroxide reduces the hemin iron of catalase from 
the ferric to the ferrous condition. The present usefulness of para- 
magnetic measurements can now be put to a decisive test on the issue 
whether hydrogen peroxide-azide catalase is in the ferrous state as 
Keilin & Hartree believe or in the ferric state according to the mag- 
netic measurements. In that connection Keilin & Hartree (16) have 
withdrawn their claim that catalase action does not proceed under 
anaerobic conditions. One of the supports for the ferrous hypothesis 
is thereby removed. 

Haas (17) has made an interesting attempt to render soluble the 
cytochrome oxidase. He has found that the oxidase occurs in two 
forms as prepared by the usual method of grinding washed heart 
tissue in a mechanical mortar. One form is completely sedimented by 
a force of 10,000 xg while the other form is not appreciably sedi- 
mented. Exposure of such a mixed preparation to ultrasonic radiation 
increases the proportion of oxidase which is not sedimented by 10,000 
x g. It appears that such treatment, like prolonged grinding with sand, 
leads to a progressively smaller particle size. However, the pro- 
nounced Tyndall effect reported by Haas for solutions of the oxidase 
after centrifugation at 10,000 x g militates against the assumption that 
the enzyme has been separated from its association with particles. 

While ferritin, the ferric hydroxide protein of liver, spleen, and 
other organs, is not strictly germane to a review of biological oxida- 
tions, it has enough interesting possibilities to justify some reference 
to it here (18 to 21). Under appropriate conditions, ferritin can be 
split into an iron-free protein which has the same crystalline structure 
as the parent compound. This so called “apoferritin’” has now been 
obtained in a homogeneous state in contrast to the inhomogeneity of 
the best ferritin preparations. From magnetic susceptibility measure- 
ments Michaelis & Granick concluded that ferric hydroxide is pres- 
ent in “micelles which fill the interstices of the structure of ferritin.” 
Experiments with radioactive iron suggest that ferritin is a storage 
form of iron in the body. 

FLAVOPROTEIN ENZYMES 

With the discovery of glycine oxidase by Ratner et al. (22) the 
number of flavoproteins described up to now has swelled to ten. This 
enzyme which is widely distributed in liver and kidney of many species 
catalyzes the oxidation of glycine to glyoxylic acid (CHOCOOH) 
and ammonia, and of sarcosine to glyoxylic acid and methylamine. 





 _ | =. + = Se a ae 


th 
th 
co 


dr 
dy 
tio 
far 


we 


wn ss 8 


ice 


2en 


the 
This 
cies 
YH) 


ine. 





OXIDATIONS AND REDUCTIONS 5 


Glycine oxidase as found under normal conditions in liver and 
kidney is a conjugated flavoprotein containing flavin adenine dinu- 
cleotide (FAD). When isolated from lamb, cat, and human kidneys 
by precipitation with salt within the range of pH 4 to 9 the enzyme 
does not dissociate appreciably. It is only when the enzyme is ex- 
posed to 0.1 N hydrochloric acid that dissociation ensues. However, 
when the enzyme is prepared from pig kidney by the same procedure 
as used in the preparation of the enzyme from the other kidneys, it no 
longer behaves as a conjugated flavoprotein but appears to be largely 
dissociated. Thus after two precipitations with ammonium sulfate no 
activity was shown except in the presence of added FAD. Analyses 
showed that this was not a genuine dissociation but that a factor in 
pig kidney presumably enzymic in nature was responsible for the 
cleavage of the flavoprotein into its constituent parts. Whether this 
cleavage was the result of destruction of FAD has yet to be clarified. 
When adequate precautions were taken to prevent this prosthetic 
group splitting factor from acting, preparations of the glycine oxidase 
could be made from pig kidney which failed to show any appreciable 
dissociation during salt precipitation over the pH range 4 to 9. 

Precisely the same considerations were found to apply to the d- 
amino acid oxidase (22). When prepared from pig kidney the enzyme 
appeared to be a dissociating flavoprotein, whereas the enzyme from 
lamb kidney was split only under strongly acid conditions. Again 
when steps were taken to minimize the action of the prosthetic group 
splitting factor, the preparation from pig kidney showed no tendency 
to dissociate whatsoever over the pH range 4 to 9. 

Unfortunately, practically all the early work on d-amino acid oxi- 
dase was carried out on preparations from pig kidney. The conclusion 
that the d-amino acid oxidase is almost completely dissociated at neu- 
tral pH was based on the analysis of so-called dissociation curves 
which relate rate of oxidation as a function of added FAD in presence 
of a fixed amount of the split protein (23, 24). It now appears that 
these curves were determined largely by rates of combination and 
therefore could not be used to calculate thermodynamic dissociation 
constants. 

Fischer et al. (25) have made more observations on fumaric hy- 
drogenase, the flavoprotein which catalyzes the oxidation of reduced 
dyes by fumarate. Originally they found the enzyme in crude prepara- 
tions of the “old yellow enzyme” of Warburg & Christian (26). Thus 
far they have been unable to separate fumaric hydrogenase from other 
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flavoproteins in the “old yellow enzyme” preparation. The evidence 
favors FAD as the prosthetic group of fumaric hydrogenase. Since 
flavinmonophosphate is the prosthetic group of the Warburg & Chris- 
tian “old yellow enzyme,” there can be no doubt of the non-identity of 
fumaric hydrogenase and the “old yellow enzyme.” In the process 
of isolating fumaric hydrogenase, the enzyme is partially split and 
FAD must be added to restore full activity. The identity of fumaric 
hydrogenase with eight of the known flavoproteins has been excluded 
by Fischer et al. There is a possibility that a highly purified flavo- 
protein isolated from top bakers’ yeast by Green et al. in 1941 (27) 
may be identical with fumaric hydrogenase. 

The search for antibacterial agents in molds has resulted in the 
isolation by Raistrick et al. and others (28 to 31) of a flavoprotein 
which has been identified with glucose oxidase. The final product ob- 
tained by Raistrick et al. appears to be homogeneous. Strains of Peni- 
cillium notatum W. secrete this enzyme into the growth medium. 
The prosthetic group of the enzyme is probably FAD (28). The en- 
zyme catalyzes the aerobic oxidation of glucose to gluconic acid with 
the production of hydrogen peroxide. It is in fact the production of 
hydrogen peroxide which is at the root of the antibacterial action of 
the flavoprotein system (28). The addition of glucose to the enzyme 
bleaches the yellow color instantaneously. The reduced form of the 
enzyme in turn is oxidized by molecular oxygen. The enzyme thus 
undergoes a catalytic cycle of reduction by the substrate followed by 
oxidation of its leuco form in air with production of hydrogen per- 
oxide. 

Since the antibacterial action of glucose oxidase was presumed 
by Raistrick et al. to be due to hydrogen peroxide production it fol- 
lowed that other flavoprotein systems should have identical action. 
This was tested and found to be so in the case of milk xanthine oxi- 
dase (32, 33). Other flavoproteins will be more difficult to test since 
they are usually contaminated with catalase which nullifies the anti- 
bacterial effect. 


GLYCOLYSIS AND FERMENTATION 


Cori and his co-workers have rounded off their researches on 
muscle phosphorylase with four elegant papers (34 to 37) on its prepa- 
ration, properties, and kinetics. Under physiological conditions the 
enzyme is a firmly conjugated adenylic acid-protein compound which 
cannot be resolved by mild purification procedures such as salt pre- 
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OXIDATIONS AND REDUCTIONS 7 


cipitation. However, skeletal muscle contains an enzyme which splits 
off adenylic acid from phosphorylase. It is thus possible to obtain by 
enzymic means a split form of phosphorylase which is inactive unless 
supplemented with adenylic acid. Crystalline trypsin at pH 6 has the 
same effect as the muscle-splitting enzyme in resolving phosphorylase. 

Phosphorylase from skeletal muscle has been obtained in highly 
purified and crystalline state though the best preparations are not com- 
pletely homogeneous. According to Oncley (38) the molecular weight 
is probably about 340,000 to 400,000 assuming a value of 0.74 for 
partial specific volume. The amount of phosphorylase in skeletal 
muscle is rather high (40 to 80 mg. per 100 gm.) and is roughly half 
that of zymohexase. 

It has been known for some time that the presence of certain 
polysaccharides like glycogen and amylopectin is necessary to cata- 
lyze the enzymic condensation of glucose-1-phosphate to polysaccha- 
ride. In other words, polysaccharide cannot be formed unless a highly 
branched polysaccharide is already present. Cori et al. interpret this 
effect as follows: The catalytic polysaccharides are in effect nuclei 
which grow by deposition of glucose units. For the sake of simplicity, 
we may regard the catalytic polysaccharides as consisting of a central 
core with large numbers of spurs coming off, each spur averaging 
from 6 to 18 glucose units in length. The glucose unit at the end of 
each spur condenses with glucose-1-phosphate by 1: 4 linkage, and the 
process is continued until each spur, according to Hassid et al. (39), 
attains a straight chain length of some 200 glucose units. The net 
effect is the conversion of a highly branched catalytic polysaccharide 
into an essentially unbranched non-catalytic amylose-type polysaccha- 
ride. The iodine color serves as an indicator of the degree of branch- 
ing. A pure blue color such as is given by amylose means zero or very 
slight branching. .The greater the degree of branching the more the 
iodine color tends towards brown or red. Whereas phosphorylase 
from skeletal muscle yields a polysaccharide which stains iodine blue, 
the corresponding enzymes from liver and heart yield a glycogen-like 
product which stains iodine brown or brownish red. Cori et al. re- 
gard the synthesis of highly branched glycogen from glucose-1-phos- 
phate as the result of the collaboration of two enzymes one of which 
catalyzes condensations of glucose-1-phosphate with terminal glucose 
by 1:4 linkage while the other presumably catalyzes condensation by 
1: 6 linkage. 

Under standard conditions each molecule of phosphorylase con- 
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denses 4 X 10* molecules of glucose-1-phosphate per minute. Rela- 
tively high concentrations of a reducing agent like cysteine and a poly- 
saccharide like glycogen must be present for maximum activity to be 
attained. When phosphorylase is split into its component parts adeno- 
sinemonophosphate but not adenosinediphosphate or adenosinetriphos- 
phate restores activity. Inosinemonophosphate has a weak effect in 
high concentrations only. 

Buchanan et al. (40) have made some studies with radioactive car- 
bon on glycogen synthesis from acetic, propionic, and butyric acids. 
They found glycogen formation from the 3 and 4 carbon fatty acids 
but not from the 2 carbon fatty acid. Since they showed previously 
that pyruvic acid gives rise to glycogen (41) it now appears that both 
the 3 and 4 carbon fatty acids eventually give rise to pyruvic acid. 

Doudoroff (42, 43) has obtained a cell free enzyme from Pseudo- 
monas saccharophilia which catalyzes the phosphorylysis of sucrose to 
glucose-1-phosphate and fructose. There is some evidence that the 
reaction is reversible since sucrose can be formed when starting with 
mixtures of glucose-l-phosphate and fructose. No hexose catalyst 
is required for sucrose synthesis. The enzyme is specific for sucrose 
being without effect on trehalose, maltose, and glucose. Neither fruc- 
tose-1-phosphate nor fructose diphosphate can replace fructose in the 
condensation reaction. Kagan et al. (44) have made similar observa- 
tions on Leuconastor mesenteroides. Under the conditions of Kagan’s 
experiments, fructose formed by phosphorylysis of sucrose disappears 
in some side reaction. 

Warburg & Christian (45) have prepared zymohexase from rat 
muscle in highly purified and crystalline state but obtained no infor- 
mation about its prosthetic group or active groups. They claim that 
their enzyme from rat muscle is twice as active as the homogeneous 
enzyme isolated in 1940 from rabbit muscle by Herbert et al. (46). 
Since the methods and conditions for estimating activity as well as 
the sources of the enzyme were different in the two cases, the sig- 
nificance of the comparison is dubious. 

Meyerhof & Junowicz-Kocholaty (47) have gone to considerable 
pains to determine whether d-3-glyceraldehyde phosphate actually com- 
bines with inorganic phosphate before oxidation takes place. Since the 
equilibrium reactions in which d-3-glyceraldehyde phosphate is in- 
volved were not affected by the concentration of inorganic phosphate, 
the authors were of the opinion that phosphate formed a loose physical 
addition product rather than a definite chemical compound. 
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Kalckar (48) has isolated in highly purified state myokinase, an 
enzyme found in skeletal muscle which catalyzes the reversible dis- 
mutation of adenosinediphosphate to adenosinemonophosphate and 
adenosinetriphosphate. Approximately 60 per cent of adenosinedi- 
phosphate is converted into the two products of dismutation at equi- 
librium. The enzyme can be heated in boiling 0.1 N hydrochloric acid 
and precipitated with trichloroacetic acid without loss of activity. It is 
apparently not identical with insulin. It is found in large amounts in 
skeletal muscle, in traces in heart and brain, and not at all in liver 
and kidney. 

Kubowitz & Ott (49) have added another to the long list of glyco- 
lytic enzymes which they are preparing in highly purified state. They 
have now isolated the lactic acid dehydrogenating enzyme of rat sar- 
coma in the form of a crystalline mercury protein complex which can 
be converted into an active form by dialysis against hydrogen cyanide 
or cysteine. Straub in 1940 (50) was the first to report the prepara- 
tion of lactic dehydrogenase in a homogeneous and crystalline state. He 
has also brought the malic dehydrogenase of pig heart to a similar high 
degree of purity (51). Both these enzymes require the presence of 
coenzyme I for activity. The activity per mg. dry weight is practically 
identical for the two enzymes (Qo, = ca 60,000). 

In 1939 Engelhardt & Lyubimova (52) reported that the adeno- 
sinetriphosphate activity of muscle was almost entirely associated 
with the myosin fraction and they suggested that the enzyme might 
be identical with myosin itself. D. M. Needham has confirmed their 
observation that myosin preparations split off one phosphate group 
from adenosine triphosphate but have little or no action on adenosine- 
diphosphate (53). She has also shown that myosin while very active 
as adenosinetriphosphate has no phosphatase action on a-glycerophos- 
phate or hexosediphosphate, nor can it catalyze the transfer of phos- 
phate from adenosinetriphosphate to fructose-6-phosphate. Bailey 
(54) has studied the activation of myosin adenosinetriphosphatase by 
divalent metals, particularly calcium, magnesium, and manganese, and 
he has found that the myosin enzyme is unique among phosphatases 
in the way it is affected by divalent cations. He regards all the avail- 
able evidence as consistent with the assumption that myosin and adeno- 
sinetriphosphatase are identical and suggests “that stimulation of 
muscle is connected with the availability of calcium ions to the myosin 
adenosinetriphosphatase fibrillar surface.” 

Ziff (55) has studied the action of pharmacological agents on myo- 
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sin adenosinetriphosphatase activity and found little or no effect. 
Copper and zinc salts were strongly inhibitory. 

The mode of action of the sulfa drugs has been shown to be tied 
up inextricably with the resemblance between p-aminobenzoic acid and 
the sulfonamides. Since the role of p-aminobenzoic acid in enzyme 
reactions is obscure, this resemblance has been suggestive but not 
conclusive as far as establishing that the bacteriostatic effects of the 
sulfa drugs are explicable in terms of their effects on some enzyme 
system. In the case of gramicidin the parallelism of bacteriostasis and 
inhibition of some key enzyme system is now well established. Dubos, 
Coburn & Hotchkiss (56) have shown that gramicidin in concentra- 
tions which inhibit growth has a very pronounced inhibitory or stimu- 
lating effect on the respiration of susceptible bacteria. Cephalin which 
counteracts the bacteriostatic effect of gramicidin also counteracts the 
effects of gramicidin on respiration (57). More recently Hotchkiss 
(58) has analyzed the effect of gramicidin in some detail using ex- 
tracts of animal cells in addition to bacterial suspensions for experi- 
mental material. His results indicate that gramicidin interferes with 
a mechanism which couples phosphorylation of glucose with certain 
oxidation processes. This mechanism is an essential one not in the 
fermentation or glycolysis of glucose, but probably in the utilization 
of the energy liberated during fermentation. Thus, in the presence of 
gramicidin, fermentation is speeded up, but the esterification of glu- 
cose which is coupled with the oxidation reaction is suppressed. Gra- 
micidin may well provide a tool for the elucidation of some coupled 
phosphorylation oxidoreductions which hitherto have been wrapped 
in obscurity. 

Furchgott & Shorr (59) have studied in great detail phosphate 
exchange in resting cardiac muscle by means of radioactive phosphate. 
Davydova (60) has studied the properties of the enzyme system which 
links phosphorylation of glucose with oxidation of succinic acid. This 
system requires the presence of adenine nucleotides. Oxidation can go 
on without phosphorylation but phosphorylation is impossible without 
oxidation. 


COENZYMES AND PROSTHETIC GROUPS 


Gale & Epps (61) have discovered that lysine decarboxylase ex- 
tracted from B. cadaveris can be split in alkaline solution and recon- 
stituted on addition of a coenzyme which apparently is not identical 
with any of those described hitherto. The coenzyme which is widely 
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distributed in animal tissues and microorganisms has been prepared 
from brewers’ yeast in a highly purified state. Thus lug. of coenzyme 
carbon catalyzed the evolution of 1800 ul. of carbon dioxide per hour 
from lysine in the presence of the split enzyme. The concentrated 
solution of the purified coenzyme was deep yellow but contained no 
flavin. It was stable in boiling 0.1 N sodium hydroxide but not in 
boiling 0.1 N sulfuric acid. 

3raunshtein & Kritsman (62) have continued their purification of 
the coenzyme of aspartic transaminase. This coenzyme is different 
from all the known coenzymes though its relation to the ccenzyme of 
the lysine decarboxylase has yet to be clarified. It has been prepared 
from extracts of pig heart. It is strongly basic, soluble in water, and 
insoluble in organic solvents. It forms insoluble salts with silver and 
mercury in alkaline solution. Little can yet be said about its chemical 
constitution except that phosphorus is not present. 

Since p-aminobenzoic acid (pab) has been regarded as a possible 
essential metabolite or constituent of some enzyme system it may be 
of interest to mention here the isolation from yeast by Ratner, Coburn 
& Green of a peptide of “pab” (63). The peptide contains some thir- 
teen molecules of /(+)-glutamic acid and one molecule of “pab.” The 
amino group of “pab” is free. This peptide has no antisulfonamide 
action except after hydrolysis to free “pab.” 


CARBOXYLASES 


This group of enzymes has received particularly close attention in 
recent years. Gale following his work on the oxidation of amines by 
bacteria has extracted lysine carboxylase from acetone dried B. ca- 
daveris (61). The enzyme specifically attacked /-lysine. The prod- 
uct of decarboxylation was the corresponding diamine, cadaverine 
(NH, + CH, * CH, * CH, > CH,*CH.* NH.). The activity of the 
purified carboxylase was formidable (Q°%co, of 46,000). The resolu- 
tion of lysine carboxylase into a protein and a prosthetic group was 
effected by exposure to ammoniacal ammonium sulfate. The details 
of the chemical properties of the prosthetic group are given above. 

Davies (64) has announced the preparation from Cl. acetobutyli- 
cum of an enzyme which catalyzes the decarboxylation of acetoacetic 
acid to acetone. The enzyme is quite stable both in the cell and in the 
aqueous extract. It has been obtained in a highly purified form. There 
are hints that it dissociates in dilute solutions but the evidence is as 
yet not conclusive. The enzyme specifically attacked acetoacetic acid. 
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Blaschko (65) has studied the properties of a cysteic acid 
(SO,H -CH.:CHNH,.:COOH) carboxylase which he prepared 
from liver. The product of decarboxylation is taurine (SO,H - CH; -- 
CH.NH.). Cysteic acid carboxylase has many resemblances to “dopa” 
carboxylase, the enzyme which catalyzes the decarboxylation of di- 
hydroxyphenylalanine to the corresponding amine. Both carboxylases 
are cyanide sensitive and attack the natural forms of the amino acids 
exclusively. However the fact that these two enzymes do not always 
accompany one another excludes the possibility of their identity. 

Kalnitsky & Werkman (66) have obtained a cell free extract of 
E. coli which catalyze the anaerobic decarboxylation of pyruvic acid. 
Since apparently more than one enzyme is involved the products of 
more than one reaction are found, viz. acetic, formic, lactic, and suc- 
cinic acids. The carboxylase or carboxylases involved are inactivated 
by dialysis, but activity is restored on addition of boiled yeast juice. 
Inorganic phosphate, manganese, and co-carboxylase are some of the 
components of the system. 

The enzyme which catalyzes the decarboxylation of oxaloacetic 
acid to pyruvic acid also catalyzes the reverse reaction. Thus carbon 
dioxide can combine with pyruvic acid to form oxaloacetic acid. 
Krampitz ei al. (67) showed this very prettily with the use of radio- 
active carbon dioxide in the oxaloacetic acid-carboxylase system of 
bacteria. Evans et al. (68) have studied the properties of an enzyme 
from pig liver which catalyzes the reversible decarboxylation of 
oxaloacetic acid. The enzyme is activated by manganese ions. The 
fixation of carbon dioxide by pyruvic acid in the presence of oxalo- 
acetic acid carboxylase probably accounts for most, if not all the 
results on the formation and fixation of carbon dioxide by animal 
tissues reported by Hastings et al. (69 to 72). 

Ochoa (73) has analyzed the oxidative decarboxylation of a- 
ketoglutaric acid by crude extracts of cat heart. This process was 
found to be accompanied by phosphorylation of glucose. Diphospho- 
thiamin and divalent metals have some effect on Ochoa’s system. 

Long (74) has further investigated the oxidation of pyruvate and 
a-ketoglutaric acid in ground preparations of pigeon brain. The 
system employed is very complex and involves more than one enzyme. 
Apparently inorganic phosphate and adenine nucleotide are required 
in addition to diphosphothiamin though they may catalyze different 
stages in the over-all reaction. 

Rice & Evans (75) have undertaken an analysis of the stimu- 
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lating effect of insulin which Krebs & Eggleston (76) were the first 
to observe on the respiration of fresh suspensions of pigeon breast 
muscle. Their data suggest that insulin increases the ability of the 
brei to oxidize pyruvic acid aerobically. Since the oxidation of 
pyruvate is malonate sensitive, the authors suggest that insulin affects 
the action of citrogenase, the enzyme which catalyzes the condensa- 


tion of pyruvic and oxaloacetic acids to form some precursor of citric 
acid. 


ACETYLATION OF AMINES 


With the discovery by Lipmann (77) that the enzymes which oxi- 
dize pyruvic acid in various bacteria form acetylphosphate, it has 
been suggested that acetylphosphate is probably the acetylating agent 
of animal cells. To date, however, acetylphosphate has not been 
identified as a product of the oxidation of pyruvic acid in animal 
tissues. Furthermore there is now a body of evidence in favor of 
acetic acid as an acetylating agent. Thus Bernhard & Steinhauser 
(78) showed that when y-phenylaminobutyric acid was fed to rats 
and dogs with simultaneous administration of deuterioacetic acid or 
deuterioethylalcohol, deuterio acetyl y-phenylaminobutyric acid could 
be isolated from the urine. They concluded that acetic acid as such 
was responsible for the acetylation. Bloch & Rittenberg (79) have 
confirmed and extended this observation. Klein & Harris (80) in 
1938 studied the acetylation process in tissue slices. They found that 
the process was confined to liver and that acetic acid was apparently 
more effective than any other substance in acetylating sulfanilamide. 
The enzyme system concerned did not survive the disintegration of 
the cell. 

Doisy & Westerfeld (81) studying the acetylation of p-amino- 
benzoic acid by rabbits observed that administration of acetoin and 
of 2,3-butylene glycol significantly increased the degree of acetylation 
over that of the control whereas sodium acetate was without any 
positive effect. In contrast, Martin & Rennebaum (82) found that 
acetylation of sulfanilamide was greatly increased by pyruvate. This 
effect surpassed greatly that of acetoin. They also failed to find any 
increase in the degree of acetylation over the control when acetate was 
fed. 

There is one important consideration which has some bearing on 
attempts to influence cellular reactions by dietary feeding. If these 
reactions occur normally, as is the case apparently for acetylation of 
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amines, then the limiting factor may not be the concentration of the 
substrate. In other words, the enzymes are already working at max- 
imal velocity. Further addition of substrate in the diet will exert no 
appreciable influence under these conditions. Negative results there- 
fore may have no bearing on the question of whether the particular 
substance fed intervenes in the acetylation process. 

Nachmansohn et al. (83, 84) have been analyzing the enzyme sys- 
tem which anaerobically acetylates choline. The choline acetylating 
system depends upon the presence of adenosinetriphosphate. Purifi- 
cation of the system is complicated by the fact that more than one 
enzyme is involved. When the system is dialyzed, activity is lost, 
but addition of certain amino acids particularly glutamic acid restores 
the original activity. Succinic acid and citric acid are also quite active. 
The significance of these activations is not yet clear. 


Citric Acip CyYcLe 

The citric acid cycle proposed by Krebs (85, 86, 87) to provide a 
mechanism for the complete breakdown of pyruvic acid to carbon 
dioxide and water has been a stormy petrel in recent years. It is not 
proposed to discuss here to what extent the citric acid cycle does or 
does not account for what is referred to as a carbohydrate oxidation 
in animal tissues. By and large such discussions are not very fruitful 
in the present state of our knowledge. However, some very exciting 
contributions have been made to our knowledge of the enzymic mecha- 
nisms for the synthesis of citric acid. Breusch (88) was the first to 
announce the discovery in kidney of citrogenase, an enzyme which 
catalyzed the condensation of pyruvic and oxaloacetic acids to form 
citric acid or some precursor thereof. Wieland & Rosenthal (89) 
have followed up this original observation of Breusch with a delight- 
ful analysis of the mechanism of citric acid formation in kidney and 
heart brei. They found that mixtures of oxaloacetic and acetoacetic 
acids rapidly give rise to citric acid in the presence of kidney brei and 
barium ions. The function of the barium ions is to inhibit the break- 
down of citric acid once it has been formed. Pyruvic acid may replace 
acetoacetic acid but it has only 30 to 50 per cent of the latter’s ac- 
tivity. Although no oxidation is supposed to be involved, nevertheless 
the condensation requires the presence of oxygen and is accelerated 
in the presence of pure oxygen as compared to air. Wieland & Rosen- 
thal postulate that oxaloacetic and acetoacetic acids condense to form 
either citroylacetic acid or acetyl citric acid, both of which yield citric 
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and acetic acids on hydrolysis. Since acetic acid was not found as an 
end product together with citric acid the authors suggest that one or 
the other of the above procitric acids condenses with another molecule 
of oxaloacetic acid to form a compound which can yield two molecules 


of citric acid on hydrolysis but without simultaneous liberation of 
acetic acid. 


HO,-C-CH,-CO-COOH HO,C-CH,-C(OH)(CO,H)-CH,CO-CH,-CO,H 
+ citroylacetic acid 


HO,-C-CH,,-CO-CH, HO,C-CH,-C(OH) (CO,H)-CH(CO,H)-CO-CH, 
acetylcitric acid 
HO,C-CH,-C(OH) (CO,H)-CH,-CO-CH,CO,H+HO,C-CH,-CO-CO,H> 


HO,C-CH,-C(OH) (CO,H)-CH,-CO-CH(CO,H)-C(OH)(CO,H)-CH,-CO,H 


The citric acid forming enzyme is found in kidney and heart but not 
in liver. To explain why pyruvic acid can replace acetoacetic acid in 
the condensation reaction they postulate the Krebs’ mechanism (90) 
by which pyruvic acid can condense with its oxidation product to form 
acetopyruvic acid which in turn yields acetoacetic acid on hydrolysis. 

Breusch (91) has extended his original observations on citroge- 


nase, and independently of Wieland & Rosenthal he has found evi- 
dence for the following general reaction: 


RCO - CH, COOH + COOH -CO-CH,+COOH > 


B-keto acid oxaloacetic acid 


R-COOH + COOH -: CH, : COH (- COOH) - CH. - COOH 


citric acid 


Some eight B-keto acids were found which could replace acetoacetic 
acid in this reaction including B-keto dicarboxylic acids. Breusch does 
not set forth the experimental evidence for the formation of RCOOH 
in his preliminary note. It would be interesting to know how he ac- 
counts for the fact that no acetic acid accumulates when acetoacetic 
acid condenses with oxaloacetic acid. 

Lynen (92) has demonstrated unequivocally that the individual 
steps in the citric acid cycle can take place in the yeast cell. He showed 
for the first time that yeast contains a typical succinic acid dehydro- 
genase which like that of animal tissues is inhibited by malonate. Ap- 
parently succinic acid does not penetrate the yeast cell at neutral pH, 
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but does when the external pH is lowered to 1 or 2. The same applies 
to malonic acid. According to Lynen acetic acid condenses with some 
aldehyde (R-CH.*CHO) to form CH; *CO* CH (- R) - CHO, which 
in turn condenses with oxaloacetic acid to form procitric acid. On 
hydrolysis the citric acid precursor yields citric acid and the original 
aldehyde. Citric acid then undergoes the same fate as in animal tissues. 
In other words the citric acid cycle in yeast provides a mechanism for 
the complete oxidation of acetic acid whereas the cycle in certain ani- 
mal tissues leads to the complete oxidation of acetoacetic acid or py- 
ruvic acid. The cycle in both yeast and animal tissues leads to the 
regeneration of oxaloacetic acid. Citric acid yields oxaloacetic acid via 
a-ketoglutaric acid, succinic semi-aldehyde, succinic acid, fumaric acid, 
and malic acid as intermediaries. Since the oxidation of succinic acid 
to fumaric acid is inhibited by malonic acid, the cycle as a whole is 
inhibited by malonic acid. 


OXIDATION OF NATURAL AMINO ACIDS 


Some progress has been made in the systematic study of the en- 
zymes which catalyze the oxidation of natural amino acids. Ratner 
et al. (22) have discovered in kidney and liver an enzyme which cata- 
lyzes the oxidation of glycine to glyoxylic acid and ammonia, and of 
N-methyl glycine to glyoxylic acid and methylamine. No other natu- 
ral amino acid is attacked by the enzyme. Substitution products of 
glycine and glycine peptides are also inactive. Since glyoxylic acid 
can be readily converted to oxalic acid by systems in liver and kidney, 
the origin from glycine of some if not all urinary oxalic acid is strongly 
indicated. 

Ratner et al. (93) have discovered in rat kidney and liver an en- 
zyme or group of enzymes which catalyzes the oxidative deamination 
of thirteen natural amino acids, viz., leucine, proline, norleucine, 
norvaline, methionine, valine, alanine, isoleucine, cystine, histidine, 
phenylalanine, tryptophane, and tyrosine. The corresponding keto 
acids are formed in each case. For each mole of amino acid oxidized, 
one mole of oxygen is taken up with production of one mole of hy- 
drogen peroxide. N-methyl leucine and S-benzyl- or S-ethylcysteine 
are attacked more rapidly than any of the natural amino acids. Mem- 
bers of the dicarboxylic amino acids, diamino acids, and {-hydroxy- 
amino acids are not attacked. Glycine also is inactive. This /-amino 
acid oxidase is specific for the / forms of the amino acids attacked. 
The method of preparation of the enzyme effectively eliminates all 
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traces of the d-amino acid oxidase. ‘here is no evidence to substan- 
tiate the theory that the d enzyme is a degenerate form of the / (94). 
The assumption that enzymes change their specificity as a result of 
isolation procedures has been invoked and is still being invoked with- 
out there being a single authenticated case of such a transformation. 
Perhaps it may not be amiss to inquire into the experimental basis 
for these so-called enzyme artifacts. 

The /-amino acid oxidase of rat kidney and liver is obtained in 
soluble form and can be purified by the usual procedures of protein 
fractionation. It is not inhibited either by hydrogen cyanide or capryl 
alcohol and in fact does not correspond in any way with the properties 
attributed to it on the basis of tissue slice experiments. 

Stumpf & Green (95) have isolated from Proteus vulgaris what 
is unquestionably a single enzyme which catalyzes the oxidative deami- 
nation of some ten natural amino acids, viz., leucine, phenylalanine, 
histidine, arginine, norleucine, norvaline, methionine, tyrosine, trypto- 
phane, and isoleucine. The corresponding keto acid is formed in each 
case. Unlike the animal enzyme it is partially cyanide sensitive and is 
completely inhibited by capryl alcohol. Furthermore it is associated 
with particles which can be readily sedimented in a centrifugal field 
of 100,000 x g. For each molecule of amino acid oxidized only one 
atom of oxygen is taken up and no hydrogen peroxide is formed. The 
Proteus enzyme unlike the animal enzyme does not oxidize N-methyl 
amino acids, proline, alanine, and valine, but does oxidize arginine. 

Lang & Westphal (96) have evidence of the existence in rat liver 
of an enzyme which catalyzes the aerobic oxidation of /-phenylalanine 
and /-tyrosine. The products have not been identified, but there was 
no production of ammonia. Very likely oxidation took place in the 
ring. 

Serine deaminase which was first studied by Gale & Stephenson 
(97) in E. coli is now being further investigated. Chargaff & Sprin- 
son (98) have shown that the bacterial enzyme catalyzes the anaerobic 
conversion of serine to pyruvic acid and of threonine to a-keto butyric 
acid. Apparently both the d and / form of serine are attacked by the 
enzyme. Serine derivatives are not acted upon. Binkley (99) regards 
serine deaminase, cysteine desulfurase, and phosphoglyceric enolase as 
very similar if not identical. Thus they are all inactivated by dialysis 
and in each case activity is restored by addition of zinc, magnesium, 
or manganese ions. Each of the three enzymes is inhibited by the 
substrates of the other two and by 0.001 M fluoride. The three ac- 
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tivities accompany one another whether the extracts are prepared 
from microorganisms or mammalian tissue. The nature of the catalyses 
is very similar in each case but, whereas aminoacrylic acid is unstable 
and rapidly hydrolyzes to pyruvic acid and ammonia, enol phospho- 
pyruvic acid is relatively stable and does not undergo further change. 
a) CH,-OH-CH-NH,-COOH-[CH, : C-NH,-COOH]—> 
[CH,-C: NH-COOH]>CH,-CO-COOH+NH, 
b) CH,-SH-CH-NH,-COOH-[CH, : C‘NH,-COOH]+H,S—> 
[CH,-C: NH-COOH]+CH,CO-COOH+NH, 
c) CH,-OH-CHOPO,H,-COOH-CH, : COPO,H,-COOH 


Lipoxidase —Sumner (100, 101), continuing his investigations on 
soy bean lipoxidase, has concluded that the enzyme catalyzes specifi- 
cally the peroxidation of unsaturated fatty acids at the 9,10-double bond 
of cis configuration. Allyl alcohol, mesityl oxide, elaidic acid, and 
erucic acid were completely inactive. Oleic and eleostearic acids were 
peroxidized to the extent of 16 per cent of the theory for one double 
bond, while linoleic and linolenic acids were respectively peroxidized 
to the extent of 90 and 95 per cent. Balls et al. (103) tested the 
action of lipoxidase on exceptionally pure specimens of fats and fatty 
acids, and found that out of a considerable number only linoleic, lino- 
lenic, and arachidonic acids or their ethyl esters were attacked. Pure 
oleic acid was untouched. They postulated that lipoxidase specifically 
peroxidized biologically essential unsaturated fatty acids. 

It has been known that carotene is not oxidized by lipoxidase un- 
less an unsaturated fatty acid is present. Sumner (102) in analyzing 
this induced reaction has demonstrated that rapid oxidation of caro- 
tene is not brought about by action of fatty acid peroxides either di- 
rectly or in the presence of lipoxidase. Induced oxidation of carotene 
occurs only when the process of enzymic peroxidization is actively 
taking place. Sumner concludes that carotene is oxidized by some 
intermediary oxide which is produced during peroxidation of the 
unsaturated fatty acid. This conclusion fits in with the observation 
that fat peroxidation is diminished coincidentally with the coupled 
oxidation of carotene. 

Balls et al. (103) isolated from soy bean meal as well as from other 
plant and animal sources a polypeptide-like substance which greatly 
increased the activity of purified soybean lipoxidase. The protein-like 
nature of the activator was further demonstrated by its destruction 
following incubation with proteolytic enzymes like papain. The avail- 
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able evidence was consistent with the assumption that the activator is 
a protective agent for the enzyme and not a coenzyme. 

Fatty acid dehydrogenase.—Adipose tissue according to Shapiro 
& Wertheimer (104) contains an enzyme which dehydrogenates the 
higher members of the fatty acids like stearic and palmitic acids in the 
presence of adenylic acid and inorganic phosphate. Liver, muscle, 
heart, and testis also contain the enzyme. With diminishing chain 
length of the fatty acid the activity of the enzyme decreases, approach- 
ing zero for valeric acid. Neutral fats are inactive while phospholipids 
and succinic acids are rapidly attacked. ‘he usual inhibitors of glycoly- 
sis have no effect on the activity of this enzyme. Several years ago 
Lang & Mayer (105, 106) described a fatty acid dehydrogenase pre- 
pared from liver which very likely is identical with that of Shapiro & 
Wertheimer since the specificity and properties of the two enzymes 
correspond closely. Moreover, in both cases adenylic acid is reported 
to be the coenzyme. Oxygen rapidly inhibits the activity of the en- 
zyme from adipose tissue. All activity measurements therefore were 
carried out anaerobically with methylene blue as hydrogen acceptor. 

Munoz & Leloir (107) have described the preparation of a labile 
enzyme from guinea pig liver which catalyzes the dehydrogenation of 
the lower fatty acids (3-8 carbon atoms). For maximum activity 
fumarate, cytochrome-c, inorganic phosphate, adenylic acid, and mag- 
nesium or manganese ions were required. Saturated fatty acids con- 
taining less than nine carbon atoms and crotonic acid, isocrotonic acid, 
and 6-hydroxybutyric acid were attacked. Fluoride, iodoacetate, ar- 
senate, and malonate completely inhibited the action of this enzyme. 
Methylene blue did not accelerate the aerobic oxidation. 

Aldohexose dehydrogenase.—A labile aldohexose dehydrogenase 
has been isolated both from the seeds of Phaseolus mungo and from 
small intestine which dehydrogenates glucose, galactose, or mannose 
to ascorbic acid either anaerobically or aerobically [Rudra (108) }. 
Fructose and sorbose are converted to a small extent while disac- 
charides and pentoses are quite inactive. Manganese is apparently a 
component of the enzyme system. The reaction is sensitive to cyanide. 

Uricase—Scheer & Scheer (109) have worked out a simplified 
method for the preparation of highly purified uricase from pig liver. 
They have also shown that the addition of cysteine increases the rate 
of oxygen uptake of the uric acid-uricase system. There was no inter- 
action of uric acid and cysteine since both reactants were found to be 
oxidized to their usual oxidation products, viz., allantoin and cystine, 
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respectively. Cysteine in absence of uric acid took up oxygen slowly 
in presence of the enzyme. The mechanism of this coupled oxidation 
of cysteine and uric acid in presence of uricase is obscure. 

Succinoxidase.—Straub (110) examined the components of suc- 
cinoxidase and confirmed a previous report by Stern & Melnick (111) 
that some factor is necessary for the reaction of succinic dehydrogenase 
with cytochrome-c. From pig heart muscle he obtained a preparation 
of succinic dehydrogenase which contained among other enzymes cyto- 
chrome oxidase and cytochromes-a, b, and c. This preparation was 
quite inactive with succinic acid. When he added, however, to this 
inactive preparation the SC Factor (succinic dehydrogenase-cyto- 
chrome binding factor), which he obtained from pig heart muscle 
and which did not contain succinic dehydrogenase, succinic acid was 
rapidly oxidized. Spectroscopic analyses of the rate of reduction of 
the different cytochromes further revealed that the SC Factor was 
an intermediary link in the reaction of succinic dehydrogenase with 
the cytochromes. Straub postulates the following series of reactions 
in which the arrows indicate the direction of transfer of hydrogen 
or electrons: succinic dehydrogenase — SC Factor — cytochrome-c 
— cytochrome-a — cytochrome oxidase. The SC Factor was pre- 
pared by heating a suspension of pig heart muscle at pH 9.2 and 55° 
for 15 minutes and neutralizing the cooled extract. Above pH 10 or 
below pH 4, it was rapidly destroyed. 

In experiments with malic acid dehydrogenase, the SC Factor was 
quite inactive as an intermediate in the reaction between diaphorase 
and cytochrome-c. 

Oxidation of glyoxylic acid and succinic semialdehyde.—The for- 
mation and oxidation of aldehyde acids has come to the fore in recent 
years. Ratner e¢ al. (22) found that glyoxylic acid which is formed 
by oxidation of glycine gives rise to oxalic acid in presence of enzymes 
from liver, kidney, and muscle. Liver xanthine oxidase is particularly 
active in this respect. But in addition to the known aldehyde oxidizing 
enzymes there are hitherto undescribed enzymes in kidney and muscle 
which catalyze the oxidation of glyoxylic acid. 

The formation of succinic semi-aldehyde by decarboxylation of 
a-ketoglutaric acid is catalyzed by an enzyme widely distributed in 
animal tissues [Westerfeld et al. (112)]|. The further oxidation of 
succinic semi-aldehyde to succinic acid is rapidly catalyzed by several 
enzymes among them xanthine oxidase, liver aldehyde oxidase, and 
hitherto undescribed enzymes in kidney and muscle (113). 
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NON-OXIDATIVE ENZYMES 
By T. Mann? anv C. Lutwak-MANN 


Molteno Institute, and School of Biochemistry, 
University of Cambridge, Cambridge, England 


Recent research on enzymes continued along several lines. Con- 
siderable effort was directed towards the purification of enzymes but 
opinions are still divided as to what constitutes the best criterium of 
enzyme purity. Taking into account the fact that an enzyme is dis- 
tinct from other proteins owing to its highly specific catalytic ability, 
it would seem that the purification procedure should aim first of all 
at the achievement of the highest degree of activity. Occasionally, 
too much weight is attached to physicochemical criteria such as, for 
example, crystallization. From what we know of certain enzymes, it 
is fairly obvious that their catalytic activity may be adversely affected 
by the crystallization procedure. A crystalline enzyme preparation 
may contain a comparatively high percentage of impurities, whereas 
negligible amounts of mucilagenous admixture in an otherwise pure 
preparation may seriously impede the crystallization ability (1, 2). 

Much progress has been made in the elucidation of the chemical 
nature of the active or prosthetic groups of several enzymes. In some 
instances the evidence for the existence of such a group was satis- 
factorily established on the basis of proportionality between the ac- 
tivity and the content, in the enzyme preparations, of the prosthetic 
group. On the other hand, several inorganic ions were claimed as 
essential components of enzymes merely because their addition stim- 
ulated the enzymic activity. It may be argued of course, that some 
of these ions occur in fact in the tissues and that they act by forming 
“dissociable complexes” with the enzyme proteins rather than as 
prosthetic groups proper. However, care should be exercised before 
the existence of such complexes is pronounced. Laccase was regarded 
for many years as a manganese-protein compound simply because 
manganese salts stimulated the laccase activity and were present in 
crude enzyme preparations. As a matter of fact, however, purified 
laccase is a manganese-free copper-protein and neither manganese 
nor copper salts have any effect whatever on the pure enzyme (3). 
Carbonic anhydrase, on the other hand, is inhibited by several inor- 
ganic ions, zinc among others, and yet zinc forms the prosthetic group 
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of the enzyme (4). Similar remarks apply to claims made with regard 
to the chemical nature of the prosthetic groups, if they are based 
solely on the effect of inhibitors. It is perfectly reasonable to assume 
that the instantaneous and reversible inhibition of an enzyme by 
metal-binding substances such as cyanide, azide, or hydrogen sul- 
phide usually indicates that the enzyme in question contains a metal. 
However, it is not equally justifiable to regard the inability of metal- 
binding substances to produce inhibition as a proof that a metal does 
not constitute a part of the enzyme molecule. Thus, for example, 
aa’-dipirydyl has no effect on catalase or peroxidase yet both of them 
contain iron; or 8-hydroxyquinoline may have hardly any influence 
on phenol oxidases which are copper-containing enzymes. 

Much interesting work has been done on the mechanism of action 
of certain inhibitors (5, 6, 7). In addition, specific enzyme inhibitors 
have been successfully employed in physiological studies of the enzyme 
function within intact cells and organisms, particularly so with cho- 
line esterase and carbonic anhydrase. Inhibitors were also used in 
investigations concerned with the site of enzyme formation in the 
body (8). 

Purified enzymes also served as delicate tools in the unraveling 
of the chemical structure of various complex substances such as lipids 
(9), nucleic acids (10, 11), and certain carbohydrates (12). Enzymes 
are becoming increasingly popular in the quantitative evaluation of 
vitamins and other substances (13, 14, 15). Furthermore, enzymes 
are applied on an ever increasing scale in the search for active groups 
or linkages in biologically potent substances such as hormones and 
viruses (16, 17). An encouraging and promising aspect of enzyme 
study is found in the successful practical application of enzyme re- 
search to medical problems (diffusing factors; renin; study of chemo- 
therapeutic agents in relation to various enzymes; etc.). 


ENZYMES ENGAGED IN CARBOHYDRATE METABOLISM 


Considerable progress has been made during the last few years 
in the research on enzymes which control the intermediary reactions 
of glycogenolysis and of alcoholic fermentation. Among these 
enzymes two groups predominate, the hydrogen transferring enzymes 
or dehydrogenases and the phosphate transferring enzymes or phos- 
phopherases. The scheme on page 30 demonstrates the position of 
these and other enzymes in the anaerobic breakdown of glycogen 
to lactic acid (muscle) and of glucose to alcohol and carbon 
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dioxide (yeast). There are indications that apart from glycogen and 
glucose, other sugars as well can be metabolized in an analogous 
manner. According to Kosterlitz (18) such a possibility exists for 
galactose. He assumes that during the adaptation of yeast to ferment 
galactose, two new enzymes are formed, one which phosphorylates 
galactose at C, and another, which converts 1-phosphogalactose to 
6-phosphoglucose, probably by way of 1-phosphoglucose. The phos- 
phorolysis of sucrose was observed in cultures of Leuconostoc mesen- 
terioides (19) and in dried cell preparations of Pseudomonas sac- 
charophila (20). In both instances the ester formed was identified 
as 1-phosphoglucose. A mechanism similar to that of glucose fermen- 
tation probably operates also in the fermentation of maltose by yeast 
(21). 

Phosphorylase —The formation of the first product of glycogenol- 
ysis, the Cori ester or d(-+-)1-phospho-a-glucopyranose, is brought 
about by an enzymic disruption of the polysaccharide, a process for 
which Parnas coined the name “phosphorolysis.” The phosphorolysis 
is a reversible reaction between inorganic phosphate and glycogen or 
starch, catalyzed by the enzyme phosphorylase. The equilibrium state 
defined by the values of the ratio inorganic phosphorus/ester phos- 
phorus, is unaffected by wide variations in the concentration of the 
polysaccharide present. On the other hand, it is markedly influenced 
by alterations in the concentrations of hydrogen ions; as the pH 
values increase from 5 to 7, the values of the ratio free phosphorus 
to esterified phosphorus decrease from about 11 to 3 (22). Pure 
muscle phosphorylase has been isolated by Green, Cori & Cori (23) 
from the aqueous extract of rabbit skeletal muscle where it consti- 
tutes 2 per cent of the total extractable protein. The enzyme requires 
adenylic acid for the disruption of glycogen and has been obtained as 
a crystalline complex with adenylic acid. The resynthesis of polysac- 
charide by phosphorylase requires also the addition of traces of gly- 
cogen. However, the polysaccharide formed under such conditions is 
not identical with glycogen (24) ; it is largely insoluble in cold water, 
gives a blue colour-reaction with iodine, and resembles in many ways 
the “synthetic starch” which has been obtained from the Cori ester 
by the action of potato-phosphorylase (25, 26, 27). When treated 
with B-amylase it is almost completely hydrolyzed to maltose. Like 
the amylose fraction of the natural starch, the synthetic polysaccharide 
is made up of long unbranched chains of d-glucopyranose units joined 
in 1:4 position. 
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In the liver, the Cori ester formed by phosphorolysis is acted upon 
by a phosphatase to yield free glucose. In presence of fluoride, this 
dephosphorylation is suppressed and the Cori ester is converted 
to 6-phosphohexose. 

Phosphoglucomutase.—This is the enzyme which catalyzes re- 
versibly the shift of the phosphate group of phosphoglucose from 
position C, to C, with the subsequent formation of the Robison 
ester or d(-+-)6-phosphoglucopyranose. It requires magnesium or 
manganese ions for its activity. If used in purified form, that is in 
absence of phosphorylase and isomerase, it sets up an equilibrium at 
which 4.8 per cent phosphoglucose is present as Cori ester at 20°, 
5.5 per cent at 30°, and 5.8 per cent at 40°, the position of the 
equilibrium being independent of pH (28). The action of phospho- 
glucomutase on 6-phosphoglucose in conjunction with phosphorylase 
results in the formation of polysaccharide. If the enzymes are allowed 
to act on glycogen, 6-phosphoglucose is formed. A satisfactory agree- 
ment is found between the intensity of glycogen metabolism and the 
phosphorylase and phosphoglucomutase activity of various tissues. 
This finding favours the assumption that the metabolism of glycogen 
in all animal tissues follows the same path as in muscle (29). 

Hexokinase (heterophosphatase).— Glucose as such cannot be 
built up into polysaccharide by phosphoglucomutase plus phospho- 
rylase, unless it is first converted enzymically into 6-phosphoglucose. 
Adenosinetriphosphate (ATP) is the phosphate donator which yields 
the necessary phosphate group (30 to 34). Toa small extent inosine- 
triphosphate can act as a substitute for ATP (35). The phosphate 
transfer from ATP to glucose is catalyzed by hexokinase, an enzyme 
which occurs abundantly in yeast. In presence of hexokinase ATP is 
converted to adenosinediphosphate (ADP) and a molecule of mono- 
phosphohexose is formed (36) 


ATP + hexose — ADP + phosphohexose 


M yokinase.-—Although ADP itself does not react with glucose in 
the presence of hexokinase alone, it can be made available for phos- 
phorylation by the action of myokinase, a protein isolated from skele- 
tal muscle (36). Myokinase is distinguished by its stability to high 
temperature at low pH and is unaffected by precipitation with tri- 
chloroacetic acid. It is inactivated by hydrogen peroxide but it regains 
its activity after reduction with cysteine or glutathione. According 
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to Kalckar (37) myokinase acts by catalysing the shift of a phosphate 
group from one molecule of ADP to another in the following manner 


2 ADP = adenylic acid + ATP 


Thus if ADP is brought in contact with glucose in the presence 
of myokinase and hexokinase, it undergoes a “phosphate dismutation” 
and the ATP formed in this reaction can be utilized for the phospho- 
rylation of glucose. 

Phosphohexose isomerase (oxoisomerase).—This enzyme cata- 
lyzes the formation of an equilibrium mixture composed of Robison 
ester or d(-+-)6-phosphoglucopyranose (70 per cent) and Neuberg 
ester or d(-+-)6-phosphofructofuranose (30 per cent). The mixture 
of these two phosphohexoses is also known as “Embden ester” 
(muscle) or as the “Robison equilibrium ester” (yeast). 

Enzymic formation of diphosphohexose. Role of ATP.—In the 
normal course of glycogenolysis the Neuberg ester is converted to 
the Harden & Young ester or d(+-)1: 6-diphosphofructofuranose, 
with ATP acting as the donator of phosphate (38, 39). The enzyme 
which brings about the transfer of phosphate is water-soluble but has 
not been isolated so far. The reaction between ATP and monophos- 
phofructose is accompanied by considerable heat evolution and in 
this respect it recalls another reaction which also involves the break- 
down of ATP, namely the hydrolysis of ATP to ADP and inorganic 
phosphate. This latter reaction is catalyzed by a specific phosphatase 
known as adenosinetriphosphatase. 

The conception that the action of adenosinetriphosphatase on ATP 
provides directly the free energy of muscle contraction, received strong 
support when Engelhardt & Lyubimova discovered that pure myosin, 
the contractile element of the muscle fibres, can catalyze the dephos- 
phorylation of ATP to ADP and inorganic phosphate (40, 41). This 
finding has since been confirmed and the mechanism of the reaction 
has been the subject of extensive studies (42 to 48). As pointed out 
by Needham (44) a substantial difference exists between the nature 
and function of the two enzymes involved in the dephosphorylation 
of ATP. Since the transfer of phosphate from ATP to the Neuberg 
ester is brought about by a soluble enzyme, it appears unlikely that 
the energy set free by the action of this enzyme could be utilized 
directly by the muscle fibres. Instead, this energy probably repre- 
sents a part of the “waste heat” which is known to accompany the 
muscle contraction. The adenosinetriphosphatase on the other hand, 
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being located in the muscle fibres, can split ATP and provide energy 
directly to the contracting muscle. One may assume that during the 
anaerobic stimulation of muscle only a relatively small part of ATP is 
engaged in the transfer of phosphate to the Neuberg ester, while much 
the greater part is hydrolyzed by myosin to supply the energy of con- 
traction. Thus, a close relationship is established between the enzymic 
and the mechanochemical function of myosin (49). 
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The enzymic activity of myosin is highest at pH 9. It is markedly 
enhanced by several cations, particularly by calcium (45). Magnesium 
and silver ions inhibit the enzyme (49). Magnesium acts by com- 
peting with calcium for adenosinetriphosphatase (50, 51). According 
to Du Bois et al. (50), this antagonism explains why the anaesthesia 
induced with magnesium sulphate is counteracted by calcium ions. 
However, Greville & Lehmann (51) disagree with this explana- 
tion. 

Although myosin is invariably associated with the dephosphoryla- 
tion of ATP, adenosinetriphosphatase activity is found in other tis- 
sues as well which, however, lack myosin. It is interesting to note 
that here, too, calcium can function as an activator of adenosinetri- 
phosphatase. Du Bois & Potter (52, 53), who pointed out this fact, 
also made the observation that in the absence of calcium, acetylcholine 
stimulated the action of adenosinetriphosphatase. 

Zymohexase (aldolase ).—This enzyme splits the Harden & Young 
ester into a molecule of d(-+-)3-phosphoglyceraldehyde (Fischer-Baer 
ester) and a molecule of 1-phosphodihydroxyacetone. The enzyme 
has been isolated from muscle (54) as well as from yeast (55). Re- 
cently a crystalline enzyme preparation was obtained by Warburg & 
Christian (56) from rat muscles (1 gm. from 20 to 30 rats). They 
found that yeast, but not muscle, zymohexase is inactivated by metal- 
binding substances such as pyrophosphate, aa’-dipirydyl, cysteine, 
and glutathione, but can be restored to full activity by zinc, cobalt, 
copper, and ferrous salts. 

The zymohexase content was determined in various rat tissues 
(57). Calculated per ml. of “undiluted cell substance” muscle con- 
tains 1460 pg., spleen 27 pg., erythrocytes 11.4 ug., and Jensen sarcoma 
87 ug., zymohexase. Liver and kidney are poor sources of the enzyme. 
Blood plasma of normal rats was found to contain 0.28 ug. per ml. 
but in tumour-bearing rats considerably more was present, up to 
2.28 ug. per ml. 

Phosphotriose isomerase —The action of zymohexase is followed 
by that of phosphotriose isomerase. Under the influence of this en- 
zyme an equilibrium is reached at which much the greater part of 
phosphotriose is in the form of phosphodihydroxyacetone. The equi- 
librium values of both zymohexase and isomerase were determined by 
Meyerhof & Junowicz-Kocholaty (58) and were found to be un- 
affected by phosphate either directly or in the presence of the “oxidiz- 
ing enzyme” of Warburg & Christian, with or without cozymase. 
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This the authors interpret in favour of the conception that the step 
which follows the action of isomerase, namely the phosphorylation 
of 3-phosphoglyceraldehyde to 1: 3-diphosphoglyceraldehyde, should 
be regarded as a non-enzymic formation of a loose physical addition 
product and not as an enzymic reaction. However, the final answer 
must await the isolation or synthesis of 1 : 3-diphosphoglyceraldehyde. 
So far, only the dimeric form of this compound has been obtained 
synthetically (59) but the product was biologically inactive as it 
was not oxidised enzymically to the Negelein & Bromel ester or 
1 : 3-diphosphoglyceric acid. 

Phosphoglyceromutase.—The d(—)3-phosphoglyceric acid, formed 
by the dephosphorylation of 1 : 3-diphosphoglyceric acid, with adenylic 
acid as acceptor of the liberated phosphate group, is further converted 
by phosphoglyceromutase to d(-+-)2-phosphoglyceric acid. 

Enolase.—This is the enzyme which catalyzes the reversible for- 
mation of phosphopyruvic from d(-+)2-phosphoglyceric acid, both in 
muscle and in yeast. It has been purified from yeast by Warburg & 
Christian (60). A crystalline derivative of the enzyme protein was 
obtained in the form of a mercury complex. Magnesium forms an 
essential component of enolase. Among the intermediary fermenta- 
tion reactions, the conversion of 2-phosphoglyceric acid into enolphos- 
phopyruvic acid is the one most sensitive to fluoride, the inhibition 
being due to the formation of a magnesium-fluoro-phosphate com- 
plex. Enolase activity was also demonstrated by Utter & Werkman 
(61, 62) in a cell-free preparation from Escherichia coli. Like the 
action of the yeast enzyme, that of the bacterial enzyme was found to 
depend on magnesium or manganese ions. 

Enzymes concerned with the breakdown of phosphopyruvic actd.— 
After phosphopyruvic acid, both in muscle and in yeast, the phos- 
phate group leaves the chain of phosphorylated intermediates (63, 30, 
64). It is taken up by acceptors such as ADP and adenylic acid, in 
yeast also by adenosine. The enzyme system engaged in the transfer 
of phosphate from phosphopyruvic acid requires, like enolase, the 
presence of magnesium or manganese ions, but in addition potassium 
also appears to play an essential role, with calcium acting as its 
antagonist (65, 66). The reconstituted ATP is subsequently made 
available for the phosphorylation of glucose, 6-phosphofructose, and 
creatine. Pyruvic acid liberated from phosphopyruvic acid is either 
reduced directly to lactic acid (muscle) or decarboxylated by car- 
boxylase to acetaldehyde which in turn is reduced to alcohol (yeast). 
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The reduction of pyruvic acid and acetaldehyde is catalyzed by dehy- 
drogenases which depend for their activity on dihydrocozymase 
formed from cozymase in the course of the oxidation of diphospho- 
glyceraldehyde to diphosphoglyceric acid. 

Amylase.—It is now generally accepted that there are at least two 
possible mechanisms for the anaerobic breakdown of starch and gly- 
cogen, one associated with the action of phosphorylase, the other 
with an active participation of amylases. Both enzyme systems appear 
to be present in certain tissues, but it is not quite clear whether in a 
given tissue both can act in parallel or whether they exclude each other. 
The matter is further complicated by the circumstance that amylases, 
according to their origin, exhibit different properties. The blood 
diastase, for instance, is said to differ from other amylases in that it 
hydrolyzes glycogen and starch at nearly the same rate (67). Its level 
in blood is affected by the internal secretory glands (68, 69) and 
fluctuates in certain diseases (70, 71). Other amylases, including 
those in plants, are sensitive to a variety of factors such as certain 
inorganic salts (72), ascorbic acid (73), and a protein-like inhibitor 
present in grain (74). 

The nature of the prosthetic group of amylase is unknown but 
the presence of free amino-groups in the enzyme protein has been 
found to be indispensable for the full activity of pancreas amylase 
(75). 

Invertase——New methods for the purification of invertase from 
yeast are described by Adams & Hudson (76). Their purest prepara- 
tions contain a small amount of carbohydrate. Preparations from dif- 
ferent yeasts and purified by different methods vary in their behaviour 
towards substrates (12). In addition to B-d-fructofuranosidase which 
hydrolyzes the glucose-fructose link in both sucrose and raffinose, 
they contain a-d-galactosidase, a small quantity of B-d-glucosidase, 
an inulase specifically concerned with the hydrolysis of inulin, and 
finally an enzyme defined as f-d-mannosidase which hydrolyzes 
§-phenyl-d-mannoside. The reactivating effect of sulphhydryl com- 
pounds on inactive invertase preparations was studied by Wagreich 
et al. (77). The effect of oxidants and reductants on disaccharases 
was investigated by Fiegenbaum (78). 

Increasing attention has been paid lately to the enzymic synthesis 
of polysaccharides from sucrose. Cell-free enzyme preparations have 
been obtained from bacteria capable of synthesizing polyfructoside 
and polyglucoside from sucrose (79, 80). 
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DIFFUSING FACTORS 


The early observations on the existence in the mammalian testicles 
of factors which profoundly modify the permeability of connective 
tissue (81, 82) and the later work which established the wide distri- 
bution in nature of similar factors as well as their enzymic character 
[bacteria (83, 84) ; malignant tissue (85, 86) ; snake venom (87) ; 
leeches (88) ] opened up a new field of research into hitherto obscure 
biological processes. The pioneering work of a comparatively small 
group of scientists in England and in the U.S.A. enabled us to gain 
insight into the mechanism of the invasive power of certain virulent 
bacteria; it explained the reasons for the rapid spread in the body 
of poisonous snake venoms; it shed light on the phenomenon of re- 
duction of viscosity in such biological fluids as the synovial fluid; 
and lately has made a new approach towards better understanding 
of the circumstances accompanying the fertilization of the mammalian 
egg. 
The task of the reviewers of this subject is much lightened by the 
recent publication of an extensive review by Duran-Reynals (89) in 
which, although he emphasizes mainly the bacteriological aspects of 
the problem, the author quotes some 260 papers which cover prac- 
tically the entire literature concerned. However, in order to obtain 
a more complete picture it is advisable to consult an earlier résumé 
by McClean (90) as well as a paper by Meyer (91) in which he dis- 
cusses the chemistry of the substances involved in diffusing processes. 
The subject was last surveyed by Glick (91a). 

It might be advantageous for those less familiar with the chrono- 
logical developments of this research, to precede the discussion of the 
recent advances by a brief description of the terminology and assay 
technique in use, especially as the latter differs somewhat from the 
standard procedure in enzyme study. 

To begin with there is the term “skin spreading factor” which 
originates from experiments designed to measure in vivo the increase 
in the permeability of the dermis. Several methods and modifications 
exist but the most accurate appears to be that of Bacharach, Chance 
& Middleton (92) which is based upon the measurement in rabbit 
skin of the total area through which a preparation of diffusing factor 
spreads in a given time, compared with the area of spread of a stand- 
ard preparation. A more recent method (93) is based on the deter- 
mination of the least amount of spreading factor required to produce 
a 20 per cent increase in the bleb area in guinea pig skin. 
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Next, there is “hyaluronidase,” primarily used in connection with 
the enzymic hydrolysis of the mucopolysaccharide hyaluronic acid 
(94, 95) present in vitreous humour, synovial fluid, skin, umbilical 
cord, etc. The technique of hyaluronidase assay is twofold; it follows 
quantitatively the fall in viscosity due to the depolymerization of 
hyaluronic acid, and it also involves the determination of glucuronic 
acid and N-acetylglucosamine which are the breakdown products of 
hyaluronic acid. Much work has been done on the viscosimetric 
method which is beset with difficulties (96, 97, 98). 

There is also the “mucin clot prevention (m.c.p.) test” in which a 
protein-hyaluronic acid complex is prevented by the action of the 
enzyme from forming a typical mucin clot on the addition of acetic 
acid. To emphasize the mucolytic nature of this process it has also 
been described as “mucinase” (99). A recent description of the 
m.c.p. test is given by McClean (100). 

A remarkable feature is the suppression of the enzymic activity 
as manifested in the above tests, by specific antisera. Whether the 
enzymes be tested by the skin spread, the fall in viscosity, the clot 
prevention, or by the estimation of reducing sugars, all these activ- 
ities can be neutralized by the addition of appropriate sera. The in- 
triguing part is the high specificity shown in these reactions. Thus, 
for example, sera against bacterial hyaluronidase are species-, but 
not type-, specific, while serum against diffusing factor from bull’s 
testis inhibits this enzyme but is powerless against one made from 
mouse testis or a bacterial enzyme (100). 

Chain & Duthie (101, 102) were the first to show that fairly pure 
preparations of testicular spreading factor also possess hyaluronidase 
activity. Since then much work was done to establish more precisely 
the relationship between the skin spreading effect and the mucolysis 
of hyaluronic acid. The problem was attacked in various ways but 
mainly by examining and comparing the properties of enzymes ob- 
tained from widely differing sources as well as by testing the activity 
of a given preparation by means of all the above-mentioned assay 
methods. An up-to-date discussion of this topic will be found in a 
paper by McClean (100) and by Lythgoe & Madinaveitia (103). 
From the evidence so far available one is disposed to believe that the 
factor responsible for the diffusion in the dermis and the hyaluronidase 
activity, as displayed in the viscosimetric and clot prevention tests, are 
identical ; the final answer, however, must await the complete puri- 
fication of enzymes from several separate sources. A claim has re- 
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cently been made (104) that a purified mucinase preparation from 
testis is nitrogen-free and yet possesses about half the activity of the 
original extract, a result which obviously calls for substantiation from 
other investigators in this field. 

The following scheme illustrates the successive stages in the 
degradation of hyaluronic acid and its breakdown products. 


Substrate Active Agent Characteristics 
Viscous hyaluronic Testis (81, 82) )-2 Rapid, optimum pH 6.0 to 
acid 3acteria (83, 84) E 7.0 dependent on salts. 
Snake venoms (87) a Anaerobic, insensitive 


I 


to organic solvents, an- 
tiseptics. 





2 
Diazo-com- E 
pounds (113, 115)\ 2 Independent of pH 
Ascorbic acid (114) z 
Copper salts (116) |, 
v vA 
Depolymerized Testis (81, 82) Slow 
hyaluronic acid Bacteria (83, 84) 
J Venoms (87) 





Fairly rapid, optimum pH 

7.4 to 7.8, sensitive to 

N-acetylglucosamine Testis (105) organic solvents, anti- 

L Kidney (105) septics. Aerobic in ani- 

Brain (105) mal tissues and bee 

Glucosamine + acetic Bee venom (105) venom; anaerobic and 

acid Bacteria, Yeast (105) aerobic in yeast and 

bacteria. Glucosamine 

but not N-acetylglu- 

cosamine deaminated 

Ammonia + deamination by ascorbic acid + 
product copper.* 


Glucuronic acid + 


* C.L.-M., unpublished work. 


Despite the uncertainty as to the identity or otherwise of skin 
spreading factors and hyaluronidases, several important contribu- 
tions were made particularly regarding the question of tissue per- 
meabilization by pathogenic microorganisms. Of considerable interest 
is the “adaptive” capacity of certain bacteria which react to the inclu- 
sion of hyaluronic acid in the medium with the production of in- 
creased amounts of hyaluronidase. On the other hand, capsulated 
strains cultivated in a hyaluronidase-containing medium fail to develop 
capsules while in this medium but do so again as soon as they are 
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transferred to an ordinary medium (106, 107). When, however, 
attempts were made to decapsulate streptococci in vivo, striking dif- 
ferences came to light between the in vitro and in vivo activity of 
hyaluronidase, as it was found that there is an inhibitor of the enzyme 
in the blood of the living animal, apparently linked with the pseudo- 
globulin fraction of the serum (108). Other hyaluronidase inhibitors 
are chondroitin sulphuric acid, heparin, gastric mucin (none of which 
are attacked by the enzyme), and depolymerized hyaluronic acid, 
but not glucuronate or glucosamine. The inhibition due to these 
substances is probably of the competitive type as the inhibitors are 
structurally similar to the substrate. It is worth mentioning that drugs 
of the sulphonamide group have no effect upon hyaluronidase (100). 

The part played by sperm hyaluronidase in fertilization was inves- 
tigated by McClean & Rowlands (109). The cumulus cells and the 
corona radiata of the rat egg are embedded in a transparent viscous 
gel which must be removed before the sperm can enter the egg. 
Hyaluronidase prepared from various sources (testis, bacteria, snake 
venom) was allowed to act on the gel and its effect on it was followed 
microscopically. The authors recorded the time taken by the enzymes 
investigated to disperse the cumulus cells and the corona radiata, the 
end-point of the reaction being the complete denudation of the egg. 
The enzyme action was found to be restricted to the liquefaction of 
the gel (which probably contains hyaluronic acid) without affecting 
the ovum itself. Pretreatment of the cell masses with sodium gly- 
cocholate prevented hyaluronidase from attacking the gel, even after 
thorough washing away of the detergent. The authors in discussing 
the implications of their observations, indicate the possible reasons 
for certain types of sterility as being due either to an insufficient 
concentration of hyaluronidase as in instances of low sperm count, or 
else to an actual deficiency in the formation of the enzyme by the 
male organism. The dispersing effect of hyaluronidase on the follicle 
cells surrounding the mouse ovum was confirmed by Fekete & Duran- 
Reynals (110). 

In two papers published in the medical press McClean and his 
collaborators (111, 112) lead the way towards a practical applica- 
tion of the knowledge acquired in hyaluronidase studies. They give 
details for a method by means of which, with the help of suitable 
antisera, it may be possible to diagnose the presence of gas-gangrene 
organisms in wounds at a stage when infection cannot be recognized 
by the routine bacteriological examinations. The technical side is 
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worked out in such a manner as to make the method accessible to 
the medical attendant under service conditions. 

The story would not be complete without brief reference being 
made to the existence of diffusing factors of ncen-enzymic character. 
Favilli (113) gives a description of the mucolytic properties of an 
azoprotein prepared from diazobenzenesulphonic acid coupled with 
horse serum. Such a substance is capable of reducing the viscosity 
of synovial fluid but the rate of activity differs from that shown by 
hyaluronidase ; unlike the enzyme, the artificial factor is hardly in- 
fluenced by pH. In this group falls the discovery of Robertson, Ropes 
& Bauer (114) that ascorbic acid in the presence of hydrogen peroxide 
brings about a degradation of synovial mucin which, however, is not 
accompanied by the liberation of reducing sugar. Unlike the natural 
mucinase, ascorbic acid acts on the gastric and salivary mucins as 
well as on starch, pectin, and cartilage. Several experiments on the 
effect of ascorbic acid and of diazo-compounds are recorded in an 
earlier paper by Madinaveitia & Quibell (115). An interesting obser- 
vation was made by Pirie (116) who isolated a viscous polysaccharide 
from a fowl tumour devoid of hyaluronidase activity. She found 
that the preparations of this mucopolysaccharide contained varying 
amounts of copper. Moreover, the addition to hyaluronic acid of 
traces of copper catalyzed the reduction of viscosity, the copper effect 
being blocked by the addition of diethyldithiocarbamate. 

A study of the antigenic properties of hyaluronic acid was car- 
ried out recently by Humphrey (117) who coupled the mucopoly- 
saccharide with a horse serum protein by azobenzyl ether linkages. 
However, even in this combination, hyaluronic acid failed to provoke 
antibody formation in the rabbit. 


ENZYMES CONCERNED WITH THE UTILIZATION, LIBERATION, 
AND TRANSPORT OF CARBON DIOXIDE 


Since 1935 when the concept of carbon dioxide utilization in the 
metabolism of heterotrophic organisms was first established by Wood 
& Werkman, considerable advances have been made towards a better 
comprehension of the mechanism of carbon dioxide fixation by cells. 
Evidence now available shows that carbon dioxide enters the metabolic 
processes in the heterotrophic organisms in conformity with the 
equation 


CO, + pyruvic acid = oxaloacetic acid 
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However, attempts to isolate the enzymes responsible for carbon 
dioxide assimilation are still in an early stage. Using cell-free enzyme 
preparations from pigeon liver Evans et al. (118, 119) obtained fixa- 
tion of CO, which enters into the reaction with pyruvic acid to form 
oxaloacetic acid. Several studies were made with enzymes extracted 
from microorganisms (120, 121, 122). 

The extract from E. coli attacks pyruvic acid anaerobically and 
produces from it carbon dioxide, acetic, formic, lactic, and succinic 
acid. It is active within a pH range of 6.2 to 7 and can be dried 
without loss of activity. Inorganic phosphate, manganese, and cocar- 
boxylase are essential components of this system. According to Utter 
& Werkman (123) inorganic phosphate is utilized for the formation 
of an intermediary compound resembling acetylphosphate; when 
adenylic acid is available as phosphate acceptor, adenosinetriphosphate 
accumulates. Kalnitsky et al. (121, 122) while studying the anaerobic 
dissimilation of pyruvate by the enzyme system extracted from E. coli, 
found that occasionally the carbon dioxide evolution fell far short of 
the values usually obtained, although identical quantities of pyruvate 
had disappeared. This proved to be due to the fixation of carbon 
dioxide. In the presence of C**O, a significant amount of heavy car- 
bon appeared in the carboxyl group of succinic acid. Since the pri- 
mary product of fixation must have been oxaloacetic acid with C** in 
the carboxyl group adjacent to the methylene group (120), the for- 
mation of succinic acid can be formulated as follows: 


CO, + CH; »CO*COOH — HOOC* : CH, : CO: COOH 
HOOC* - CH, > CO» COOH + 4H — HOOC" : CH; - 
CH,* COOH + H,0 


Yeast carboxylase —The purest of all decarboxylating enzymes so 
far obtained is the carboxylase from yeast on which further studies 
are reported (124, 125, 126). The activity of this enzyme requires 
the presence of cocarboxylase (diphosphothiamin) of the formation 
of which little as yet is known. It is, however, interesting to note 
that yeast contains enzymes which hydrolyze and_ synthesize 
cocarboxylase (127). The existence of a factor in the flesh of 
certain kinds of fish which destroys thiamin was brought to light 
when it was found that foxes fed on raw fish develop polyneuritis 
(Chastek paralysis). The factor responsible for the destruction of the 
vitamin was found to be an enzyme which is present in nearly every 
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organ of certain fishes, particularly in the liver, spleen, intestine, and 
gills (128). It is common in fresh-water fish but absent in the tis- 
sues of several salt-water fish (129). 

Acetoacetic acid decarboxylase-—The purification of a new en- 
zyme, the acetoacetic decarboxylase, from Clostridium acetobutylicum 
was accomplished by Davies (130). The enzyme acts specifically on 
acetoacetic acid and converts it to acetone. It is optimally active at 
pH 5 and requires the presence of a coenzyme, probably riboflavin- 
phosphate. 

Carboxylases of animal tissues——These enzymes have been ex- 
tensively investigated by Green et al. (131). They obtained from 
minced pig heart an insoluble protein fraction which in the presence 
of diphosphothiamin and magnesium or manganese ions constitutes 
an enzyme system capable of anaerobic decarboxylation of a-ketoacids. 
Under the action of this enzyme pyruvic acid is decarboxylated to 
acetoin, a-ketobutyric acid to propioin, and a-ketoglutaric acid to 
succinic semialdehyde. 

Amino acid decarboxylases—Enzymes concerned with the decar- 
boxylation and deamination of serine, threonine, cysteine, cystine, and 
arginine by Clostridium welchii have been studied by Woods & Trim 
(132). Bacterial amino acid decarboxylases were investigated by 
Gale & Epps (133 to 136) in conjunction with a general study on the 
enzyme formation and enzymic processes in microorganisms. Under 
suitable growth conditions specific enzymes are formed in bacteria 
which bring about the decarboxylation of /(+-) arginine, /(+-) orni- 
thine, /(—) histidine, and /(++) lysine with the formation of agmatine, 
putrescine, histamine, and cadaverine, respectively. A purified prep- 
aration of /(+-) lysine decarboxylase was made from acetone-dried 
powders of a paracolon organism, Bacterium cadaveris (136). The 
enzyme is optically specific and can be used for the resolution of 
dl-lysine and the preparation of d-lysine as well as for a rapid and 
specific estimation of /-lysine. The enzyme is most active at pH 6. 
It requires a coenzyme hitherto unidentified but widely distributed in 
nature. A concentrated solution of this coenzyme is deep yellow but 
it shows no flavine-like fluorescence ; it gives a well defined lead salt 
containing 5.07 per cent nitrogen and 3.02 per cent phosphorus. 

The presence of an /(—) cysteic acid decarboxylase in liver ex- 
tracts of dog, rat, pig, and guinea pig has been demonstrated by 
Blaschko (137). The enzyme was also found in kidneys (138). It 
produces taurine from /(—) cysteic acid, is reversibly inhibited by 
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cyanide, and shows many similarities to /(—) DOPA decarboxylase, 
an enzyme which occurs in the liver and kidneys of many mammals 
and which forms hydroxytyramine from /(—) 3: 4-dihydroxyphenyl- 
alanine (139, 140). 

Carbonic anhydrase —Most of the carbon dioxide given up by the 
tissues of man and higher animals is carried to the lungs by the blood 
plasma in the form of bicarbonate. Both the rate with which carbon 
dioxide is taken up by the blood, as well as the rate with which it is 
expelled from the lungs, depend on the velocity of the reaction 


CO, + H,0 = H.CO; 


Spontaneously this reaction would proceed so slowly that only a 
small proportion of the carbon dioxide known to be given off in the 
lungs would be liberated in the brief period during which the blood 
passes through the lung capillaries. The proper rate of reaction, how- 
ever, is assured by the presence in the red cells of carbonic anhydrase. 
It was shown by Keilin & Mann (4, 141) that pure carbonic anhy- 
drase is a zinc-protein compound where zinc forms the active part of 
the enzyme molecule. This was since confirmed by Hove et al. (142) 
and Scott et al. (143, 144, 145). The last mentioned workers claim 
that their purified preparations are more active than those of Keilin 
& Mann who, however, pointed out recently (146) that this dis- 
crepancy is only apparent and is due to a different way of assessing 
the activity of carbonic anhydrase and furthermore, to the use by 
Scott and his collaborators of peptone as a “stabilizer” which, al- 
though it doubles the activity of purified preparations, has no effect 
whatever on the carbonic anhydrase activity of plasmolysed blood. 
The homogeneity of the pure enzyme of Keilin & Mann has been 
confirmed by experiments with electrophoresis (4) and ultracentrifuge 
(147). Similar studies carried out by Petermann & Hakala (148) 
with the preparation of Scott & Fisher revealed a small impurity. 
The relation between zinc and the activity of carbonic anhydrase has 
been investigated by Main & Locke (149). 

The mode of action of carbonic anhydrase within the intact blood 
cells has been elucidated by Keilin & Mann (150) who made use of 
the following facts: (a) hemoglobin can be oxidised to methemo- 
globin within the red cells; (b) methemoglobin can serve as an indi- 
cator changing its colour and absorption spectrum from that of acid 
methemoglobin at pH 6.5 to that of alkaline methemoglobin at pH 9; 
and (c) the activity of carbonic anhydrase as found by Mann & 
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Keilin (151), can be specifically abolished by sulphanilamide. By mak- 
ing use of these facts and by employing a spectroscopical method, 
Keilin & Mann determined the velocity of the pH changes within the 
“methemoglobin corpuscles” and found that it is considerably reduced 
in the presence of sulphanilamide. With the help of the same technique 
they also demonstrated that sulphanilamide specifically inhibits the 
shift of the chloride ion to and from the red blood cells. In this way 
it was possible to prove that the activity of carbonic anhydrase, which 
is located within the blood cells, is intimately linked through ionic 
exchange reactions with the acid-base changes which take place in the 
plasma. The existence of such a link was confirmed by Fegler (152) 
who, in addition, demonstrated that carbonic anhydrase can catalyze 
both the evolution and the uptake of free carbon dioxide in intact 
blood. The role of carbonic anhydrase in ionic exchanges involving 
the erythrocytes was studied by Jacobs & Stewart (153). A paper 
by Free et al. (154) deals with the relation which exists between the 
inhibition of carbonic anhydrase by sulphanilamide and the occurrence 
of acidosis in blood as well as the bicarbonate excretion in urine fol- 
lowing the administration of sulphanilamide. Stevenson (155) reports 
that the concentration of carbonic anhydrase in the blood of new-born 
infants is less than half, and in prematurely born infants one-fourth, 
of that found in adults, and that the enzyme level is markedly lowered 
in cases of cyanosis. 

It is significant that carbonic anhydrase is closely associated with 
organs which are in control of the acid-base equilibrium of the body. 
It is located in the blood corpuscles, in the gastric mucosa, in the 
kidneys and in the pancreas. In Crustaceans the enzyme was found 
in the gills (156). 


PROTEOLYTIC ENZYMES 


Herriot in the preceding volume of the Annual Review of Bto- 
chemistry gave a detailed account of the recent progress in this field. 
Since then, a new protease, hurain, has been isolated (157) from the 
sap of Hura crepitans (Euphorbiaceae). Rennin (rennet, chymosin) 
has been prepared in crystalline form by Berridge (158). Crystal- 
line rennin is capable of clotting in 10 minutes at 37° approximately 
10’ times its dry ash-free weight of reconstituted milk, in the presence 
of calcium. Several of the recent papers deal with the distribution 
and function of proteolytic enzymes, notably in the thyroid gland 
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(159), brain (160), prostata (161), pancreas (162), and also in the 
salamander gastrula (163). Publications concerned with the mech- 
anism of activation and inhibition of proteolytic enzymes include a 
study of the inactivating effect of ultraviolet radiation on trypsin 
(164), of the activating influence of hydrogen cyanide on papain (165), 
a description of “pancreozymin,” a thermostable stimulant extracted 
from the small intestine which enhances the secretion of pancreatic 
enzymes (166), and a study of the effect of caffeine on digestive 
enzymes (167). In addition, there is some work on the action of 
proteolytic enzymes on fibrinogen (168, 169, 170), on serum pseudo- 
globulin and diphtheria antitoxin (171), on glutathione (172, 173), 
and on the release of histamine from blood cells (174). Proteolytic 
agents were found to participate in the conversion of the atoxic 
€-prototoxin into the active e-toxin of Clostridium welchii type D (175, 
176). Plasteins, insoluble in dilute trichloroacetic acid, have been ob- 
tained by the action of trypsin and papain on digestion products of 
insulin (177). 

Renin.—Attention was focused lately on renin, an enzyme which 
has its origin in the kidneys and which acts on a globulin present in 
the circulating blood, with the production of a heat-stable, dialysable, 
vasoconstrictor and pressor substance known as angiotonin or hyper- 
tensin (179 to 183). Several methods of preparation and purification 
of renin from hog kidneys have been described ; the more recent ones 
are those of Schales (184) and Katz & Goldblatt (185); the purest 
renin preparation so far reported has an activity of 130 dog units 
per mg. enzyme-nitrogen, one dog unit representing the amount which 
raises the blood pressure by at least 30 and not more than 35 mm. Hg 
within three minutes in at least three unanaesthetized dogs (186). 

The serum globulin which forms the substrate for renin has been 
variously described as preangiotonin, prehypertensin, hypertensin pre- 
cursor, hypertensinogen, and renin activator (187, 188). Its nature 
has been established as that of an a.-globulin component of the pseu- 
doglobulin fraction of serum (189, 180). Both renin and its sub- 
strate are inactive by themselves, whereas angiotonin is highly active 
but can be inactivated by angiotonase (hypertensinase), an enzyme 
which occurs in several organs and in the blood (190, 191). A method 
has been devised for the quantitative assay of renin in presence of 
angiotonase (192). The enzymic formation and destruction of angio- 
tonin are presumably balanced in normal animals. When however, 
this balance is disturbed, hypo- or hypertension may result. 
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AMIDASES 


Urease.—The recent contributions on urease are mostly concerned 
with the action of various inhibitors of this enzyme. Elson (193) 
states that very dilute solutions of ascorbic acid completely prevent 
the formation of ammonia while even a one in a million solution causes 
50 per cent inhibition. This inhibitory effect is abolished by the addi- 
tion of cysteine. Quastel (194) points out that the ascorbic acid 
effect is probably due to traces of dehydroascorbic acid. He quotes 
his older work on the inhibitory effect on urease of very dilute catechol 
or quinol which he found was due to small amounts of quinone in the 
phenol solutions which, after reduction with cysteine, lost their inhib- 
itory power. Highly purified specimens of penicillin also suppress 
urease activity (195). The observation is of interest as instances 
were recorded in the medical literature of elevated blood urea in some 
penicillin-treated patients. Hellerman, Chinard & Deitz (196) made 
a thorough study of the reversible inactivation of urease by reagents 
known to act on the sulphhydryl groups, such as organic mercaptide- 
forming salts like p-mercuribenzoate, oxidizing agents like porphy- 
rindin, iodosobenzoate, and an alkylating agent iodoacetamide. They 
claim that there are differences in the chemical reactivity among the 
sulphhydryl groups of urease which may cause functional differences. 
Also, some groupings are more, others less, readily accessible to the 
action of the various substances investigated. Mueller & Rusch (197) 
studied the effect on urease of benzopyrene in caffeine solution which 
had been exposed to ultraviolet radiation for one hour. The enzyme 
was almost completely inactivated. Fresh benzopyrene had no effect 
and irradiated caffeine alone inhibited but slightly. The effect is ex- 
plained as being due largely to hydrogen peroxide formation and in 
addition, to a product formed from benzopyrene during the irradiation 
with ultraviolet light. 

Arginase.—A study of arginase activity in the liver after adrenal- 
ectomy was carried out (198) and revealed a definite decrease in the 
activity of the enzyme which, however, could be stimulated by cer- 
tain adrenal steroids, like corticosterone, 11-dehydrocorticosterone, 
and 11-dehydro-17-hydroxycorticosterone. On the other hand, des- 
oxycorticosterone and male and female sex hormones were without 
influence on arginase activity. Rossi (199) subjected crude arginase 
from hog liver to prolonged dialysis and found that the enzyme be- 
came inactive but could be reactivated by the addition of the dialysate. 
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The author is of the opinion that manganese ions only enhance the 
arginase activity but he rejects the idea of manganese being an actual 
constituent of the enzyme. 

Histidase and urocanase——Edlbacher & Viollier (200) describe 
the preparation and separation from each other, of liver histidase and 
urocanase. Purified histidase is inhibited by urocanic acid but uro- 
canase is not affected by d- or /-histidine or by pyruvic acid. Both 
enzymes are present in human liver. A study of these enzymes during 
pregnancy failed to show an increase in the liver histidase activity. 
This fact, in the authors’ opinion, contradicts the theory that preg- 


nancy histidinuria is due to an interference with histidase activity 
by prolans. 





CYSTEINE DESULPHURASE 


The enzyme which splits cysteine into hydrogen sulphide, am- 
monia, and pyruvic acid appears to be widely distributed. New 
studies on cysteine desulphurase are mainly concerned with the mech- 
anism of the reaction. Smythe & Halliday (201) using rat liver sought 
to establish conditions in which to demonstrate the reversibility of 
the reaction. To the enzyme preparation they added hydrogen sul- 
phide containing radioactive sulphur together with a certain amount 
of cysteine. When the nitrogen of part of the added cysteine had 
been converted into ammonia, the reaction was stopped, the remain- 
ing cysteine isolated and shown to contain appreciable amounts of 
radioactive sulphur. However, in experiments where hydrogen sul- 
phide alone was used, no such results could be obtained. While, 
therefore, these experiments indicate a possible mode of cysteine 
resynthesis, the mechanism of the reaction remains obscure and awaits 
elucidation by further investigation. 

Binkley (202) studied cysteine desulfurase in yeast and bacteria 
from which he obtained crude preparations which were really a mix- 
ture of yet another two enzymes, the serine deaminase and the enolase. 
He found that glucose, serine, and phosphoglyceric acid prevented 
the enzyme from attacking cysteine, while cysteine or serine inhibited 
the conversion of phosphoglyceric to phosphopyruvic acid. All these 
reactions led to pyruvic acid as end-product and all were sensitive to 
fluoride. On dialysis the enzyme preparation lost much of its activ- 


ity which could be restored with traces of zinc, manganese, and mag- 
nesium salts. 
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PHOSPHATASES 


Several contributions dealing with various aspects were made re- 
cently in this field. Sizer’s work (203) adds to our information about 
the effect which oxidants and reductants exert on enzymes. He finds 
that the activity of both the alkaline and the acid phosphatase (beef 
lung, kidney, milk, intestine) is but little affected by reducing agents. 
Mild oxidants interfere only to a slight degree but with the rise of 
the oxido-reduction potential beyond + 400 millivolt oxidants exhibit 
a strong inhibitory effect. This however, is mostly reversible either 
by dialysis or by the addition of a suitable reductant. An accompany- 
ing study of the ultraviolet absorption spectrum suggests to the author 
that it may be the tyrosine, but not the tryptophane, portion of the 
enzyme molecule which is affected by the oxidizing agents. Dounce 
(204) reports the presence of both alkaline and acid phosphatase in the 
isolated cell nuclei of rat liver, together with certain other hydrolytic 
and oxidative enzymes. 

Schmidt & Thannhauser (205) set out to purify the alkaline 
phosphatase of intestine with a view of utilizing it as a tool for the 
structural elucidation of organic phosphorus compounds. Their final 
enzyme preparation gives a biuret and Molisch test. After acid hy- 
drolysis it reduces alkaline copper revealing the presence of relatively 
large amounts of polysaccharide. The authors give as yet no indication 
as to whether, and in what way, the polysaccharide is essential for 
the enzyme activity. Small amounts of cysteine and cyanide inhibit, 
fluoride has no effect, magnesium salts activate slightly, while zinc, 
bile salts, and amino acids have no influence upon the enzyme. The 
purified intestinal phosphatase was active towards adenosinetriphos- 
phoric acid, phosphopyruvic acid, pyrophosphoric acid, diphenylphos- 
phate, and yeast nucleic acid, but it did not attack phosphatides, 
thymonucleic acid, or casein. Lawrie (206) analyzed the stools of 
twenty subjects and found considerable variability in their phospha- 
tase content. The faeces phosphatase, which has its origin in the 
mucous membrane of the intestine, was but slightly affected by mag- 
nesium, inhibited by cyanide, and not influenced by fluoride. The 
effect of nutritional magnesium-deficiency in rats on the serum phos- 
phatase was investigated by Snyder & Tweedie (207) who state 

that a fall in the serum-magnesium content to the level of 0.8 mg. 
per cent is followed by a noticeable and permanent decrease in serum 
phosphatase activity. A rise in serum phosphatase was shown in 
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hyperthyroid dogs to occur at a time when impairment of liver func- 
tion due to the feeding of thyroid, could be demonstrated by the 
bromosulphalein retention test (208). A sharp increase in the ac- 
tivity of phosphatase in plasma was also recorded in rats with ob- 
structive jaundice (209). 

The dephosphorylation of cocarboxylase and of a- and {-glycero- 
phosphate in yeast was found to be inhibited by aneurin and related 
substances but animal phosphatases were not similarly affected (210). 
The {-glycerophosphate activity of rat liver cancer produced by feed- 
ing of p-dimethylaminoazobenzene was about ten times that of nor- 
mal rat liver. Jn vitro, however, neither the cancerous nor the normal 
liver phosphatase were affected by p-dimethylaminoazobenzene (211). 
The effect of salicylate on bone phosphatase both in vitro and after 
salicylate administration was investigated by Lutwak-Mann (126) 
using a large variety of phosphoric acid esters. However, the activity 
of the phosphatases in the rat bone extract was practically unaltered 
by salicylate. 

The question of the existence of a specific hexosediphosphatase, 
distinct from other alkaline phosphatases, was investigated by Gomori 
(212), who obtained from liver and kidney an enzyme which at an 
alkaline pH and in the presence of magnesium dephosphorylated 
hexosediphosphate but was inactive towards other phosphoric esters. 
Without magnesium the hexosediphosphatase was inactive; cyanide 
stimulated and fluoride inhibited its activity. Adenosinetriphosphatase 
has been discussed on page 29. 

Ohlmeyer (213) examined the phosphatase of the prostatic gland 
and of urine and found that both contain magnesium. The enzyme 
was sensitive to fluoride, which sensitivity is due to the formation of 
a dissociable complex with both magnesium and the enzymic protein. 

The histochemical technique for the demonstration of phosphatases 
in tissues has beén further improved (214). The study of alkaline 
and acid phosphatase in the nervous system (215, 216) showed the 
presence of marked phosphatase activity in the vascular endothelium 
of the central nervous system. It was also present in nervous tumour 
tissue and in areas of astrocytosis such as the chronic plaques in mul- 
tiple sclerosis. Histochemical studies on the distribution of alkaline 
phosphatase were carried out by Bourne (217). In the alimentary 
tract of the guinea pig the enzyme was located where active glucose 
absorption is known to take place. He found also that ascorbic acid 
deficiency did not affect the phosphatase content of soft tissues but 
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that there was a decrease in the bones. Slight injury had no effect 
on the distribution of the enzyme. Use was made of the histochemical 
method in investigations on the alkaline phosphatase in the hydro- 
nephrotic kidney (218) and in the spinal cord of chick embryo (219). 


CHOLINE ESTERASE 


The abundance of choline esterase in animal tissues and the ease 
with which its activity can be assayed, added to the general physio- 
logical interest of the problem, always assure a steady flow of re- 
search dealing with various aspects of this enzyme. Most of the recent 
investigations are concerned with the substrate specificity and the 
distribution of choline esterase in nature. 

Richter & Godby Croft (220) show the existence of considerable 
differences in the ‘properties of choline esterase present in the tissues 
of different species. Also within the same species the enzyme 
in the red cells is by no means identical with that present in serum. 
Thus, the human serum esterase acts not only on choline esters but 
on methyl butyrate as well, while the enzyme of the red cells hydro- 
lyzes only choline esters. Quinine suppresses the enzyme action on 
acetylcholine but it does not inhibit the hydrolysis of methyl butyrate. 

The team of Mendel, Mundell & Rudney (221 to 224) hold that 
the enzyme commonly called “choline esterase” in blood, serum, and 
certain tissues, is not specific in that it acts not only on choline but 
on other esters as well. The brain enzyme, however, is specific for 
choline esters. This enzyme they call the “true choline esterase,” while 
for the others they suggest the name “pseudo-choline esterase.” A 
method for the purification of the pseudo-choline esterase from pan- 
creas is described (222). The following differences exist between the 
true and the pseudo enzymes. The true choline esterase requires a 
low substrate concentration and is inhibited by excess of substrate; 
the pseudo-choline esterase acts best at high substrate concentrations. 
Furthermore, the true, but not the pseudo-, choline esterase acts on 
acetyl-B-methylcholine, whereas benzoylcholine is attacked only by 
the pseudo-choline esterase. The examination of choline esterase in 

the brains of the representatives of all the vertebrates revealed the 
presence in this tissue of the true esterase only. On the other hand, the 
various other organs were found to contain varying amounts of both 
enzymes ; moreover, the same organ of one species frequently differed 
in its type of choline esterase from that of another species. 

Eadie (225) presents a study of the inhibition of choline esterase 
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by physostigmine and prostigmine. The inhibition is competitive in 
character and an examination of the equilibrium established between 
the enzyme and the inhibitor indicates that two molecules of the in- 
hibitor are required for each active group of the enzyme. The kinetics 
of the system choline esterase-physostigmine were also dealt with 
by Strauss & Goldstein (226). 

Several papers describe the effect of various substances upon the 
activity of choline esterase. Salicylate even in comparatively large 
amounts scarcely affected the serum choline esterase (126). Torda 
(227) studied several hormones among which progestin, estrone, fol- 
lutein, testosterone, and pitressin, but not pitocin, all had a slightly 
lowering effect on choline esterase activity. Cystine, ascorbic acid, 
and fumaric acid inhibit choline esterase ; also dyes such as methylene 
blue, safranine, Nile blue, and Janus green act as inhibitors. Procaine 
and tutocaine suppress the activity of the enzyme but this effect is 
not relieved by p-aminobenzoic acid (228, 229). Bloch (230) exam- 
ined choline esterase and serum lipase in the presence of cresyl phos- 
phates. He found that only the o-compound acted as inhibitor, the 
m- and p- derivatives being devoid of influence. Tri-o-chlorophenyl 
phosphate had an effect similar to that of tri-o-cresyl phosphate with 
which it is isosteric. 

A survey of the distribution of choline esterase in the primitive 
nervous system by Bullock & Nachmansohn (231) revealed the exist- 
ence of certain low organisms entirely devoid of choline esterase. 
However, significant amounts were found in Hydrozoa, coexisting 
with the appearance of a more highly differentiated nervous system. 
In Platyhelminthes, which possess nervous ganglia, the enzyme is 
present in a concentration far above that found in Ecchinodermata. 
Means (232) describes the presence of choline esterase in the nerv- 
ous system of the grasshopper Melanoplus differentialis. The studies 
on the amphibian eye (233) indicate the presence of choline esterase 
in relatively high concentrations in the cornea, whereas none is found 
at the nerve endings in the pupillary sphincter. In the turtle (234) 
there is a powerful choline esterase in the nerve terminals of the 
pupillary sphincter which responds only to high concentrations of 
acetylcholine. The content of choline esterase was investigated in 
relation to the various stages of development in Amblystoma punc- 
tatum (235, 236) by means of a sensitive microtitration method. The 
results showed a close correlation between the enzyme activity and 
the functional ability as expressed by behaviour manifestations. The 
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functional capacity of larvae reared in eserine, prostigmine, or acetyl- 
choline was profoundly affected. On removal from the inhibitor, re- 
covery of the physiological and the enzymic activity were found to 
go parallel. It is concluded that the content in Amblystoma of choline 
esterase is a biochemical criterion of the functional capacity of the 
neuromuscular apparatus. 

The formation of acetylcholine in the peripheral nervous tissue 
has been demonstrated by Feldberg (237) who found that acetylcho- 
line released from sympathetic ganglia and cholinergic nerves by chop- 
ping is restored in the incubated chopped tissue up to the original level. 
The reaction no longer takes place if the nerves have degenerated fol- 
lowing section forty-eight hours previously. Sensory roots were 
devoid of synthetic power. 

An enzyme in human serum capable of splitting procaine to pro- 
duce p-aminobenzoic acid was named procaine esterase (238, 239). 
It is sensitive to fluoride but not to cyanide. Apart from serum, the 
enzyme was also located in the liver and in the white of egg, but not 
in the chicken serum; in toxic goitre extraordinarily high values were 
observed, but following the removal of goitre there was a return to 
normal. On the other hand, low values prevailed in cases of malignant 
diseases of the digestive tract. 


Lysis OF RED CELLS 


An interesting observation on the mechanism of lysis of the red 
cells was made by Maegraith & Findlay (240). Tissues such as 
lungs, liver, kidney, spleen, marrow, and muscle will lyse saline sus- 
pensions of red cells. The lytic effect only takes place if the tissues 
themselves had been thoroughly washed in saline prior to incubation. 
Tissue slices incubated with unwashed red cells fail to lyse. The lysis 
can be suppressed by the addition of serum, by cyanide even in a 
1 to 1,000,000 dilution, and by mercuric chloride 1 to 32,000. Heat- 
ing the tissues to 80° destroys their lytic power. The system respon- 
sible for lysis, but not the serum inhibitor, was found to be species 
specific. The authors assume that they are dealing with an enzyme 
present in various tissues capable of destroying the red cells but nor- 
mally held in check by the serum inhibitor. But blackwater fever 
and certain lytic anaemias may be instances where the balance between 
the two is disturbed. 





AS 





yl- 


to 
line 
the 


ssue 
cho- 
10p- 
evel. 
-fol- 


were 


pro- 
239). 
, the 
t not 
were 
rn to 
gnant 


1e red 
ich as 
e sus- 
tissues 
bation. 
e lysis 
nina 
Heat- 
respon- 
species 
enzyme 
ut nor- 
‘r fever 
between 








nan > WwW ous 


“I 


21. 


23. 
24. 


25. 


. Haworth, W. N., Heats, R. L., aNp Peat, S., J. Chem. Soc., 55-58 (1942) 
Zz. 


NON-OXIDATIVE ENZYMES 51 


LITERATURE CITED 


. Norturop, J. N., Crystalline Ensymes, pp. 31, 65 (Columbia Univ. Press, 


New York, 1939) 


. Borcstrom, E., anp Kocu, F. C., Proc. Soc. Exptl. Biol. Med., 52, 131-32 


(1943) 


. KEILIn, D., anD Mann, T., Nature, 143, 23-24 (1939) 

. Kern, D., anp Mann, T., Biochem. J., 34, 1163-76 (1940) 

. GuzMAN Barron, E. S., anp S1nceEr, T. P., Science, 97, 356-58 (1943) 

. HELLERMAN, L. C., CHINARD, F. P., anp DeEtTz, V. R., J. Biol. Chem., 147, 


443-62 (1943) 


. Jounson, F. H., Eyrinc, H., anp Wi Luiams, R. W., J. Cellular Comp. 


Physiol., 20, 247-68 (1942) 
FRIEDMAN, M., AND Kaptan, A., J. Exptl. Med. 77, 65-69 (1943) 


. Barr, E., AND FiscueEr, H. O. L., J. Biol. Chem., 145, 61-68 (1942) 


30LOMEY, R. A., AND ALLEN, F. W., J. Biol. Chem., 144, 113-19 (1942) 


. Lorine, H. S., anp CARPENTER, F. H., J. Biol. Chem., 150, 381-88 (1943) 
. ADAMS, M., RicutMyYeER, N. K., anp Hupsow, C. S., J. Am. Chem. Soc., 65, 


1369-80 (1943) 


. Buskirk, H. H., anp DELor, R. A., J. Biol. Chem., 145, 707-8 (1942) 

. ALLInSON, M. J. C., J. Biol. Chem., 147, 785-91 (1943) 

. Buntine, A. H., Biochem. J., 36, 639-40 (1942) 

. Evans, J. S., AnD Hauscuitpt, J. D., J. Biol. Chem., 145, 335-39 (1942) 

. COHEN, S. S., AND STANLEY, W. M., J. Biol. Chem., 142, 863-70 (1942) 

. Kosteruitz, H. W., Biochem J., 37, 322-26 (1943) 

. Kacan, B. O., LyaTKEr, S. N., anp TsvasMAvn, E. M., Biochimia, 7, 93-108 


(1942) 


. Doupororr, M., Kapian, N., an Hassip, W. Z., J. Biol. Chem., 148, 67-75 


(1943) 
LEIBOWITZ, J., AND HEsTRIN, S., Biochem. J., 36, 772-85 (1942) 
Hanes, C. S., AnD MASKELL, E. J., Biochem. J., 36, 76-79 (1942) 


GREEN, A. A.; Cort, G. T., AND Cort, C. F., J. Biol. Chem., 142, 447-48 
(1942) 


Hassip, W. Z., Cort, G. T., anp McCreapy, R. M., J. Biol. Chem., 148, 
89-96 (1943) 


Astsury, W. T., BELL, F. O., anp Hangs, C. S., Nature, 146, 558 (1940) 


Hassip, W. Z., anD McCreapy, R. M., J. Am. Chem. Soc., 63, 2171-73 
(1941) 


28. CoLtowick, S. P., AND SUTHERLAND, E. W., J. Biol. Chem., 144, 423-38 


(1942) 


29. SHapiRo, B., AND WERTHEIMER, E., Biochem. J., 37, 397-403 (1943) 








43. 


44. 
45. 
46. 
47. 


48. 


49. 
. Du Bors, K. P., ALtBaum, H. G., AND Potter, V. R., J. Biol. Chem., 147, 


51. 
Se. 
53. 
54. 


55. 
56. 
57. 
58. 


59. 
. Warsure, O., AND CurisTIAN, W., Biochem. Z., 310, 384 (1942) 
61. 
62. 





MANN AND LUTWAK-MANN 


. Lutwak-Many, C., anp Mann, T., Biochem. Z., 281, 140-56 (1935) 

. Euter, H. v., ano ADLER, E., Z. physiol. Chem., 235, 122-53 (1935) 

. DiscueE, Z., Naturwissenschaften, 24, 462 (1936) 

. MeYERHOF, O., Naturwissenschaften, 23, 850-51 (1935) 

. Ocuoa, S., J. Biol. Chem., 141, 245-51 (1941) 

. KLEINZELLER, A., Biochem. J., 36, 729-35 (1942) 

. CoLowick, S. P., anD Katcxar, H. M., J. Biol. Chem., 148, 117-26 (1943) 
. Kaccxar, H. M., J. Biol. Chem., 148, 127-37 (1943) 

38. OsTERN, P., GuTHKE, J. A., AND TERSZAKOWEC, J., Z. physiol. Chem., 


243, 9-37 (1936) 


. Saxov, N. E., Biochimia, 6, 163-77 (1941) 

. Lyusrmova, M. N., anp ENGELHARDT, V. A., Biochimia, 4, 716-36 (1939) 
. Lyusimova, M. N., AND Pevsner, D., Biochimia, 6, 178-83 (1941) 

. NEEDHAM, J., SHEN, S. C., NEEDHAM, D. M., anp Lawrence, A. S. C., 


Nature, 147, 766-68 (1941) 


NEEDHAM, J., KLEINZELLER A., MIALL, M., Dainty, M., NEEDHAM, D. 
M., AND LAWRENCE, A. S. C., Nature, 150, 46-49 (1942) 


NEEDHAM, D. M., Biochem. J., 36, 113-20 (1942) 
BalILey, K., Biochem. J., 36, 121-39 (1942) 
Kaccxkar, H. M., Biol. Revs. Cambridge Phil. Soc., 17, 28-45 (1942) 


MEuRL, J. W., AND Sexton, E. L., Proc. Soc. Exptl. Biol. Med., 52, 38-40 
(1943) 


MarsLanp, D. A., AND Brown, D. E. S., J. Cellular Comp. Physiol., 20, 
295-305 (1942) 


ENGELHARDT, V. A., AND Lyusimova, M. N., Biochimia, 7, 205-30 (1942) 


699-704 (1943) 
GREVILLE, G. D., AnD LEHMANN, H., Nature, 152, 81-82 (1943) 
Du Bois, K. P., AND Porter, V. R., J. Biol. Chem., 148, 451-52 (1943) 
Du Bots, K. P., aNp Potter, V. R., J. Biol. Chem., 150, 185-95 (1943) 
HeErseERtT, D., Gorpon, H., SUBRAHMANYAN, V., AND GREEN, D. E., Bio- 
chem. J., 34, 1108-23 (1940) 
Warsure, O., AND CuRISTIAN, W., Biochem. Z., 311, 209-10 (1942) 
Warsure, O., AND CuRIsTIAN, W., Biochem. Z., 314, 149-76 (1943) 
Warsure, O., AND CHRISTIAN, W., Biochem. Z., 314, 399-408 (1943) 
MEYERHOF, O., AND JuNowicz-Kocuotaty, R., J. Biol. Chem., 149, 71-92 
(1943) 
Baer, E., AND FiscueEr, H. O. L., J. Biol. Chem., 150, 213-21 (1943) 


Utter, M. F., anD WERKmaAN, C. H., J. Biol. Chem., 146, 289-300 (1942) 
Utter, M. F., anpD WerRKman, C. H., Biochem. J., 36, 485-93 (1942) 





86 
87 
88. 
89. 
90. 
91, 
91 
92. 


93. 
94, 
95. 


NON-OXIDATIVE ENZYMES 53 


63. Parnas, J. K., OsteRN, P., anD Mann, T., Biochem. Z., 272, 64-70 (1934) 
64. Parnas, J. K., Ergeb. Enzymforsch., 6, 57-110 (1937) 


65. Boyer, P. D., Larpy, H. A., anD Puttutps, P. H., J. Biol. Chem., 146, 
675-82 (1942) 


66. Boyer, P. D., Larpy, H. A., anp Puittips, P. H., J. Biol. Chem., 149, 
529-41 (1943) 


43) 67. Morris, D. L., J. Biol. Chem., 148, 271-73 (1943) 
68. ScHILLER, S., anD Smitu, O. W., J. Clin. Endocrinol., 3, 154-62 (1943) 
em.. 69. GULzow, M., AnD Hisner, H., Klin. Wochschr., 21, 706-9 (1942) 


70. DORLE, M., Klin. Wochschr., 21, 53-56 (1942) 
71. Sosxrn, S. Z., J. Clin. Investigation, 22, 329-33 (1943) 
939) 72. Braun, A. E., J. Biol. Chem., 145, 197-99 (1942) 


73. SESHAGIRIRAO, D., AND Giri, K. V., Proc. Indian Acad. Sci., 16B, 190-204 
.¢. (1942) 


74. KNEEN, E., AND SANDSTEDT, R. M., J. Am. Chem. Soc., 65, 1247 (1943) 
Dp 75. LitTe, J. E., anp CALDWELL, M. L., J. Biol. Chem., 147, 229-32 (1943) 
76. Apams, M., anD Hupson, C. S., J. Am. Chem. Soc., 65, 1359-68 (1943) 


77. Wacreicu, H., HaLpert, W., AND Hirscuman, A., J. Gen. Physiol., 26, 
479-80 (1943) 


78. FIEGENBAUM, J., Biochem. J., 36, 768-71 (1942) 


38-40 79. Hestrin, S., AVINERI-SHAPIRO, S., AND ASCHNER, M., Biochem. J., 37, 
450-56 (1943) 
kp 20, 80. HestrRIn, S., AND AVINERI-SHAPIRO, S., Nature, 152, 49-50 (1943) 
81. Horrman, D. C., anp DuraNn-REyNaALs, F., Science, 72, 508 (1930) 
1942) 82. McCtean, D., J. Path. Bact., 33, 1045-70 (1930) 
, 147, 83. Duran-Reynats, F., J. Exptl. Med., 58, 161-81 (1933) 


84. McCceay, D., J. Path. Bact., 42, 477-512 (1936) 


85. DuRAN-REYNALS, F., AND STEWART, F. W., Am. J. Cancer, 15, 2790-97 
3) (1931) 


3) 86. BoyLanp, F., anp McCtean, D., J. Path. Bact., 41, 553-65 (1935) 

., Bio- 87. DuRAN-REynats, F., J. Exptl. Med., 69, 69-81 (1939) 

88. CLaupE, A., J. Exptl. Med., 66, 353-66 (1937) 

89. Duran-REYNALS, F., Bact. Rev., 6, 197-252 (1942) 

90. McCean, D., Biol. Revs. Cambridge Phil. Soc., 8, 345-56 (1933) 

) 91. Meyer, K., Cold Spring Harbor Symposia Quant. Biol. 6, 91-102 (1938) 
, 71-92 91a. Gricx, D., Ann. Rev. Biochem., 11, 51-77 (1942) 


92. Bacuaracn, A. L., CHANCE, M. R. A., AnD MIDDLETON, T. R., Biochem. J., 
34, 1464-71 (1940) 


93. Humpurey, J. H., Biochem. J., 37, 177-81 (1943) 
1942) 94. MEYER, K., AND Patmer, J. W., J. Biol. Chem., 107, 629-34 (1934) 
) 95. MEYER, K., AnD Pater, J. W., Am. J. Ophthalmol., 19, 859-65 (1936) 











96. 


97. 
98. 


go. 


100. 
101. 


102. 
103. 
. Faviut, G., AND BERGAMINI, L., Biochem. Z., 313, 243-49 (1942) 
105. 
106. 
107. 
108. 
109. 
110. 


111. 


112. 
113. 
114. 


115. 
116. 
117. 
118. 


119. 


123. 


124. 


125 


126. 


ted 


af. 





MANN AND LUTWAK-MANN 


MADINAVEITIA, J., AND QuIBELL, T. H. H., Biochem. J., 34, 625-31 (1940) 

MADINAVEITIA, J., AND QuUIBELL, T. H. H., Biochem. J., 35, 456-60 (1941) 

McC ean, D., anp Hate, C. W., Biochem. J., 35, 159-83 (1941) 

Rosertson, W. B., Ropes, M. W., AnD Bauer, W., J. Biol. Chem., 133, 
261-76 (1940) 

McC ean, D., Biochem. J., 37, 169-77 (1943) 

Cuain, E., ano Dutuie, E. S., Nature, 144, 977-78 (1939) 

Cuan, E., ano Dutuie, E. S., Brit. J. Exptl. Path., 21, 324-38 (1940) 

LytucoE, B., AND MADINAVEITIA, J., Biochem. J., 37, 6-9 (1943) 


Lutwak-Manvn, C., Biochem. J., 35, 610-26 (1941) 

McC ean, D., J. Path. Bact., 53, 156-58 (1941) 

McC ean, D., J. Path. Bact., 53, 13-27 (1941) 

McC ean, D., J. Path. Bact., 54, 284-86 (1942) 

McC ean, D., anpD Rowtanps, J. W., Nature, 150, 627 (1942) 

FEKETE, E., anpD DurAN-REYNALS, F., Proc. Soc. Exptl. Biol. Med., 52, 
119-21 (1943) 

McCiean, D., Rocers, H. J., anp Wit.ttams, B. W., Lancet, 1, 355-60 
(March 20, 1943) 

McCrean, D., anD Rocers, H. J., Lancet, 1, 707-8 (June 5, 1943) 

FaviLul, G., Nature, 145, 866 (1940) 

Rosertson, W. B., Rores, M. W., AND Bauer, W., Biochem. J., 35, 903-8 
(1941) 

MADINAVEITIA, J., AND QUIBELL, T. H. H., Biochem. J., 35, 453-55 (1941) 

Pirtz, A., Brit. J. Exptl. Path., 23, 277-81 (1943) 

Humpnsrey, J. H., Biochem. J., 37, 460-63 (1943) 

Evans, E. A., Stotin, L., AND VENNESLAND, B., J. Biol. Chem., 143, 565 
(1942) 

Evans, E. A., VENNESLAND, B., AND SLoTIN, L., J. Biol. Chem., 147, 771-84 
(1943) 


. Krampitz, L. O., WerkMan, C. H., anp Woop, H. G., J. Biol. Chem., 147, 


243-53 (1943) 


. Katnitsky, G., AND WERKMAN, C. H., Arch. Biochem., 2, 113-24 (1943) 
. KALNITSKY, G., Woop, H. G., AND WERKMAN, C. H., Arch. Biochem., 2, 


269-81 (1943) 
Urter, M. F., anp WERKMAN, C. H., Arch. Biochem., 2, 491-92 (1943) 
Cajort, F. A., J. Biol. Chem., 143, 357-61 (1942) 


. Kenster, C. J., Younc, N. F., anp Ruoaps, C. P., J. Biol. Chem., 143, 


465-72 (1942) 
Lutwak-Manv, C., Biochem. J., 36, 706-28 (1942) 


WESTENBRINK, H. G. K., AND VELDMAN, H., Ensymologia, 10, 255-56 
(1942) 





40) 
41) 


52, 


5-60 


03-8 


941) 





129. 


130. 
131. 


132. 
133. 
134. 
135. 
136. 
137. 
138. 
139. 
140. 


141. 
142. 


143. 
144. 
145. 
146. 
147. 
148. 
149. 
150. 
153. 
152. 
153. 
154. 


155. 
156. 


157. 
158. 
159. 
160. 
161. 


NON-OXIDATIVE ENZYMES 55 


. SEALOCK, R. S., NIVERMORE, A. H., anp Evans, C. A., J. Am. Chem. Soc., 


65, 934 (1943) 


Deutscu, H. F., anp Haster, A. D., Proc. Soc. Exptl. Biol. Med., 53, 63 
(1943) 


Davies, R., Biochem. J., 37, 230-38 (1943) 


GREEN, D. E., WESTERFIELD, W. W., VENNESLAND, B., AND Knox, W. E., 
J. Biol. Chem., 145, 69-84 (1942) 


Woops, D. D., anv Trim, A. R., Biochem. J., 36, 501-11 (1942) 
GaLg, E. F., anp Epps, H. M. R., Biochem. J., 36, 600-18 (1942) 
GaLe, E. F., anp Epps, H. M. R., Biochem. J., 36, 619-23 (1942) 
Gate, E. F., Bact. Rev., 7, 139-73 (1943) 

GALE, E. F., anp Epps, H. M. R., Nature, 152, 327-28 (1943) 
Biascuko, H., Biochem. J., 36, 571-74 (1942) 

MEDEs, G., AND FLoyp, N., Biochem. J., 36, 836-44 (1942) 
Buiascuko, H., J. Physiol., 101, 337-49 (1942) 


Hottz, P., CREDNER, K., AND STRUBLING, C., Arch. exptl. Path. Phar- 
makol., 199, 145-52 (1942) 


KEILIn, D., AnD Mann, T., Nature, 144, 442 (1939) 


Hove, E., Etvenjem, C. A., anp Hart, E. B., J. Biol. Chem., 136, 425-34 
(1940) 


Scott, D. A., anD MENDIVE, J. R., J. Biol. Chem., 139, 661-74 (1941) 
Scott, D. A., anD MENDIVE, J. R., J. Biol. Chem., 140, 445-51 (1941) 
Scott, D. A., AND FisHeEr, A. M., J. Biol. Chem., 144, 371-81 (1942) 
KeILtn, D., anp Mann, T., Nature (In press) 

Erricu, F. R., AND RIDEAL, E. K., Nature, 146, 541 (1940) 

PETERMANN, M. L., anD HaKALa, N. V., J. Biol. Chem., 145, 701-5 (1942) 
Main, E. R., anp Locke, A., J. Biol. Chem., 143, 729-36 (1942) 

KEILIn, D., AnD Mann, T., Nature, 148, 493-96 (1941) 

Mann, T., AND KEILIN, D., Nature, 146, 164-65 (1940) 

FEGLER, J., Nature (In press) 

Jacoss, M. H., anp STEwant, D. R., J. Gen. Physiol., 25, 539-52 (1942) 


Free, A. F., Davies, D. F., anp Myers, V. C., J. Biol. Chem., 147, 167-73 
(1943) 


STEVENSON, S. S., J. Clin. Investigation, 22, 403-9 (1943) 


Kreps, E. M., AND CHENYKAEVA, R., Compt. Rend. Acad. Sci., U.R.S.S., 
34, 101-4 (1942) 


Jarrf£, W. G., J. Biol. Chem., 149, 1-7 (1943) 

BERRIDGE, N. J., Nature, 151, 473-74 (1943) 

Dziemiay, A. J., J. Cellular Comp. Physiol., 21, 339-45 (1943) 

Kies, M. W., AND ScHwimMER, S., J. Biol. Chem., 145, 685-91 (1942) 
Hucerns, C., anD NEAL, W., J. Exptl. Med., 76, 527-41 (1943) 








56 
162. 


163. 


165. 
166. 
167. 
168. 
169. 
170. 
171. 
172. 
173. 
174. 
175. 


176. 


177. 
178. 
179. 
180. 


183. 
184. 
185. 
186. 
187. 


188. 
189. 


191. 


192. 


MANN AND LUTWAK-MANN 


GrossManNn, M. I., GREENGARD, H., anv Ivy, A. C., Am. J. Physiol., 138, 
676-82 (1943) 
Pickrorp, G. E., J. Exptl. Zodl., 92, 143-70 (1943) 


. VERBRUGGE, F., J. Biol. Chem., 149, 405-12 (1943) 


Scott, E. M., anp Sanpstrom, W. M., Arch. Biochem., 1, 103-9 (1942) 

Harper, A. A., AND Raper, H. S., J. Physiol., 102, 115-25 (1943) 

WALKER, F., Am. J. Physiol., 139, 343-46 (1943) 

Hinp, H. G., Biochem. J., 37, 289-93 (1943) 

Hinp, H. G., Biochem. J., 37, 293-95 (1943) 

Fercuson, J. H., Proc. Soc. Exptl. Biol. Med., 52, 243-45 (1943) 

PETERMANN, M. L., J. Biol. Chem., 144, 607-16 (1942) 

Woopwakpp, G. E., anp Rernwart, F. E., J. Biol. Chem., 145, 471-80 (1942) 

Maver, M. E., anp Tuompson, J. W., J. Natl. Cancer Inst., 3, 383-87 (1943) 

Rocua E Sitva, M., AND ANRADE, O. S., J. Biol. Chem., 149, 9-17 (1943) 

Turner, A. W., AND RopwELL, A. W., Australian J. Exptl. Biol. Med. Sct., 
21, 17-25 (1943) 

Turner, A. W., AND RopWELL, A. W., Australian J. Exptl. Biol. Med. Sct., 
21, 27-36 (1943) 

Happock, J. N., anp Tuomas, L. E., J. Biol. Chem., 144, 691-95 (1942) 

Pace, I. H., anp Heimer, O. M., J. Exptl. Med., 71, 29-42 (1940) 

PLENTL, A. A., AND Pace, I. H., J. Biol. Chem., 147, 135-41 (1943) 


BrAuN-MENENDEz, E., Fascroto, J. C., LeLorr, L. F., ano Munoz, J. M., 
J. Physiol., 98, 283-98 (1940) 


. Munoz, J. M., BRauN-MENENDEZ, E., Fascro.o, J. C., anp LELorr, L. F., 


Am. J. Med. Sci., 200, 608 (1940) 


. Epman, P., Euter, U. S. v., Jorpes, E., anp SJostranp, O. T., J. Physiol., 


101, 284-88 (1942-43) 
FRIEDMAN, M., AND Kapa, A., J. Exptl. Med., 77, 65-70 (1943) 
Scuates, O., J. Am. Chem. Soc., 64, 561-64 (1942) 
Katz, Y. J.. AND Gotpsiatt, H., J. Exptl. Med., 78, 67-74 (1943) 
Govpstatrt, H., Katz, Y. J., Lewis, H. A.. AnD Ricuarpson, E., J. Expil. 
Med., 77, 309-13 (1943) 


Pace, I. H., Hetmer, O. M., Prenti, A. A., Kountstaept, K. G., anp 
Corcoran, A. C., Science, 98, 153-54 (1943) 


Scuates, O., HoLpEn, M., AND SCHALES, S. S., Arch. Biochem., 2, 67 (1943) 


PientL, A. A., Pace, I. H., anp Davies, W. W., J. Biol. Chem., 147, 143-53 
(1943) 


. Fascroxo, J. C., Letorr, L. F., Munoz, J. M., anD BRAUN-MENENDEz, E., 


Rev. soc. argentin. biol., 16, 643 (1940) 


CroxatTrto, H., Croxatto, R., AND ALLIENDE, J., Rev. soc. argentin. biol., 
18, 441-53 (1942) 
Pientt, A. A., AND Pace, I. H., J. Exptl. Med., 78, 367-87 (1943) 





ee ae ee 


21 
21 
21 
21 


BBERRB 


22¢ 
22; 





2) 


rystol., 


E-xpitl. 
7, AND 


(1943) 
143-53 


EZ, E., 


1. biol., 





193. 
194. 
195. 
196. 


197. 
198. 


211. 
212. 
213. 
214. 
215. 


216. 
217. 
218. 
219. 
220. 
221. 
222. 
223. 
224. 


225. 
226. 
227. 


NON-OXIDATIVE ENZYMES 57 


Etson, L. A., Nature, 152, 49 (1943) 
QuasTEL, J. H., Nature, 152, 215 (1943) 
TuRNER, J. C., AND Heatu, F. K., Nature, 152, 326 (1943) 


HELLERMAN, L., CHINARD, F. P., AnD Dertz, V. R., J. Biol. Chem., 147, 
443-62 (1943) 


MUELLER, G. C., AND Ruscu, H. P., Cancer Research, 3, 113-16 (1943) 


FRAENKEL-ConraT, H., Stmpson, M. E., anp Evans, H. M., J. Biol. Chem., 
147, 99-108 (1943) 


. Rosst, A., Arch. sci. biol. (Italy), 28, 40-59 (1942) 
200. 
201. 
202. 
203. 
. Dounce, A. L., J. Biol. Chem., 147, 685-98 (1943) 
205. 
206. 
207. 
208. 
209. 
210. 


EDLBACHER, S., AND VIOLLIER, G., Z. physiol. Chem., 276, 108-16 (1942) 
SmyTHE, V. C., anD Hatiipay, D., J. Biol. Chem., 144, 237-46 (1942) 
BINKLEY, F., J. Biol. Chem., 150, 261-62 (1943) 

Sizer, I. W., J. Biol. Chem., 145, 405-14 (1942) 


Scumipt, G., AND THANNHAUSER, S. J., J. Biol. Chem., 149, 369-85 (1943) 
Lawrie, N. R., Biochem. J., 37, 311-12 (1943) 

SnypDeR, F. H., anp TWEEDIE, W. R., J. Biol. Chem., 146, 639-47 (1942) 
Drit., V. A., AND SHAFFER, C. B., Gastroenterology, 1, 308-15 (1943) 
WEIL, L., anD RussEt, M. A., J. Biol. Chem., 144, 307-14 (1942) 


WESTENBRINK, H. G. K., anp Van Dorp, D. A., Enzymologia, 10, 212-15 
(1942) 


WooparpD, H. Q., Cancer Research, 3, 159-63 (1943) 
Gomor!, G., J. Biol. Chem., 148, 139-49 (1943) 
On.LMEYER, P., Naturwissenschaften, 30, 508 (1942) 
Moos, F., J. Cellular Comp. Physiol., 22, 95-97 (1943) 


Lanpow, H., Kasat, E. A., anD NEwMAN, W., Arch. Neurol. Psychiat., 
48, 518-30 (1942) 


Worr, A., Kabat, E. A., AnD NewMan, W., Am. J. Path., 19, 423-35 (1943) 
Bourne, G., J. Exptl. Physiol., 32, 1-19 (1943) 

Wimer, H. A., J. Exptl. Med., 78, 225-29 (1942) 

Moos, F., Proc: Natl. Acad. Sct. U.S., 29, 176-86 (1943) 

RicuTeEr, D., anD Gopsy Crort, P., Biochem. J., 36, 747-57 (1942) 
MENDEL, B., AND RupNEY, H., Biochem. J., 37, 59-63 (1943) 

MENDEL, B., AND MUNDELL, D. B., Biochem. J., 37, 64-66 (1943) 
MENDEL, B., AND RupNEY, H., Science, 98, 201 (1943) 


MENDEL, B., MUNDELL, D. B., aND RupNeEy, H., Biochem. J., 37, 473-76 
(1943) 


Eapte, G. S., J. Biol. Chem., 146, 85-93 (1942) 
Strauss, O. H., anp GoLpsTE!N, A., J. Gen. Physiol., 26, 559-85 (1943) 
Torna, C., Proc. Soc. Exptl. Biol. Med., 53, 121 (1943) 








MANN AND LUTWAK-MANN 


. RIECHERT, W., AND ScuMipT, E., Arch. exptl. Path. Pharmakol., 199, 66-73 


(1942) 


. RIECHERT, W., AND SCHNARRENBERGER, C., Arch. exptl. Path. Pharmakol., 


200, 225-34 (1942) 


. Biocu, H., Helv. Chim. Acta, 26, 733-39 (1943) 
. Buttock, T. H., anp Nacumansony, D., J. Cellular Comp. Physiol., 20, 


239-42 (1942) 


. Means, O. W., J. Cellular Comp. Physiol., 20, 319-24 (1942) 

. ARMSTRONG, P. B., J. Cellular Comp. Physiol., 20, 47-53 (1942) 

. ArMsTRONG, P. B., J. Cellular Comp. Physiol., 22, 1-19 (1943) 

. Sawyer, C. H., J. Exptl. Zodl., 92, 1-11 (1943) 

. Sawyer, C. H., J. Exptl. Zoél., 92, 11-29 (1943) 

. Fecpsere, W., J. Physiol., 101, 432-45 (1942-43) 

. Kiscn, B., Koster, H., anp Strauss, E., Exptl. Med. Surg., 1, 51-65 (1943) 
. Koster, H., ano Kiscu, B., Exptl. Med. Surg., 1, 71-83 (1943) 


MAEGRAITH, B., AND Finpay, G. M., Nature, 151, 252 (1943) 


Tue MOLTENO INSTITUTE OF BIOLOGY AND PARASITOLOGY 


Tue ScHOOL oF BIOCHEMISTRY 
UNIVERSITY OF CAMBRIDGE 
ENGLAND 





th 
as 
is 
to 


lat 
an 


an 
cri 
dif 
of 

up 
ple 
for 


ha: 
tai 
an 


73 


943) 





THE CHEMISTRY OF THE CARBOHYDRATES 
By W. Z. HassiIp 


Division of Plant Nutrition 
University of California, Berkeley, California 


In the last two years the Annual Review of Biochemistry has had 
no review of the chemistry of polysaccharides. In Volume XII only 
the chemistry of sugars and their derivatives was treated. Inasmuch 
as important advances have been made during this period in the chem- 
istry of polysaccharides, the present review will be confined entirely 
to this branch of carbohydrate chemistry. 

In view of the great abundance of cellulose, starch, and glycogen 
in nature, and because of the great commercial importance of the first 
two, these polysaccharides have received much attention and have been 
studied intensively during the last two decades. Since the position 
joining the glucose units in these carbohydrates has been established 
as 1,4-, it was thought that this particular type of glycosidic linkage 
generally occurred when polysaccharides were elaborated in nature 
from their constituent monosaccharide residues. However, with the 
subsequent discovery of a great number of other polysaccharides, and 
with the accumulated knowledge of their structural configuration, it 
became evident that the 1,4-linkage is by no means the only one 
combining monosaccharide units in polysaccharides. Every possible 
combination of glycosidal linkage has now been found to exist, as may 
be illustrated by the following examples: yeast mannan (1) 1,2-; 
laminarin (2), or yeast polyglucose (3) 1,3-; galactocarolose (4) 1,5-; 
and glucosan from barley roots (5) 1,6-linkage. 

Peat (6) divides the polysaccharides into two groups, the “simple” 
and the “complex,” according to three different criteria. The first 
criterion is whether the polysaccharide consists of one kind or of 
different kinds of monosaccharide. Thus, starch, consisting entirely 
of glucose, is a “simple” polysaccharide, whereas arabic acid, made 
up of galactose, glucuronic acid, arabinose, and rhamnose, is a “com- 
plex” polysaccharide. The second criterion is whether there is uni- 
formity or variance in the type of glycosidic linkage. For example, 
in cellulose and laminarin only f-1,4-linkages occur. On the other 
hand, yeast mannan, consisting entirely of mannopyranose units, con- 
tains in its structure three types of glycosidic linkages, the 1,2-, 1,3-, 
and 1,6-linkage. The third criterion is whether the polysaccharide 
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possesses a linear or branched structure. Cellulose, pectic acid, la- 
minarin, and the amylose fraction of starch, possessing unbranched 
chains, are “simple,” while gum arabic, damson or cherry gum, yeast 
mannan, and the amylopectin fraction of starch with a ramified struc- 
ture, are “complex.” A polysaccharide may be termed “complex” in 
more than one sense, as for example, the plant gums and the muci- 
lages: they contain more than one type of monosaccharide unit and 
are also united by more than one kind of glycosidic linkage. 

The expression “repeating unit” was introduced by E. L. Hirst 
and collaborators into the terminology of the chemistry of polysaccha- 
rides. It is used in connection with chemistry of starch and other 
polysaccharides as illustrated by the following example: an araban 
which exists in association with pectin (7) gives rise upon methyla- 
tion and hydrolysis to three products in equimolecular proportions, 
namely, 2,3,5-trimethyl-l-arabinose, 2,3-dimethyl-l-arabinose, and 3- 
methyl-l-arabinose. Since the arabinose units in the polysaccharide 
have the furanose configuration, the possibility of linkage through the 
fourth carbon atoms of these units may be eliminated. A possible 
combination of the monosaccharide units that would form the araban 
and satisfy the experimental data is as follows: the trimethyl-l-arabo- 
furanose is obviously a terminal unit and could be attached to the 
monomethyl derivative through position 2 or 5, this monomethyl de- 
rivative in turn being glycosidically linked through one of these link- 
ages to position 1 of the dimethyl-/-arabinose. It is evident that this 
type of combination of three monosaccharide units, one of which is a 
monomethyl derivative, would produce a branched structure. Inas- 
much as the molecular weight of the polysaccharide determined by 
osmotic pressure and viscosimetric measurements is many times 
greater than that of a combination of three arabinose ,residues, it is 
assumed that this branched low molecular weight structure exists as 
a “repeating unit” linked through primary valences to form a large 
polysaccharide molecule. 


STARCH 


The recent interest in the chemistry of starch may be judged by 
the many papers that have appeared within the last few years on this 
subject. Noteworthy contributions have been made along the follow- 
ing lines: (a) combination of starch chains to form a ramified struc- 
ture, (b) separation of whole starch into two or more components, 
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(c) the constitution of synthetic polysaccharides and their relation to 
natural starches, and (d) the nature of the starch iodine complex. 
Constitution—The Birmingham school, represented by Haworth 
and Hirst, considers the starch molecule to be made up of repeating 
units, each consisting of from twenty-four to thirty glucose residues, 
and combined by cross linkages to form a molecule of which the 
molecular weight is about 200,000 (8). The starch chains are com- 
bined in such a way that the free reducing group of a glucose unit 
of one chain is glucosidically linked with the sixth hydroxyl group 
of a glucose unit in an adjacent chain forming a ramified structure,’ as 
shown in Fig. 1. They believe that the link binding the repeating 


Fic. 1.—Starch (Bawn, Hirst & Young). [Cf. ref. 8.] 


chains (units) in starch is a normal covalent bond (primary valence), 
such as is found, for example, in disaccharides. Evidence pertaining 
to the nature of the bond was adduced by Hirst & Young (9) from 
consideration of the reaction velocity and disaggregation process of 
methylated starches. The course of the disaggregation reaction of the 
latter was shown to be of the same order as those obtained on hy- 
drolysis of compounds known to possess glycosidic linkages. They 
concluded that the repeating units of the starch molecule are held by 
normal covalent bonds, intermediate in strength, between that of a 
furanose linkage (as in sucrose) and a pyranose linkage (as in 
maltose). 


1 The same proportion of end group has been found in all the natural starches 
thus far examined, in spite of the considerable variations in the molecular weights 
of the different methyl derivatives. All the starches on which an end-group de- 
termination has been made are tabulated in a recent review of the chemistry of 
starch (10). 
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Hirst & Young showed that regardless of the method of prepa- 
ration of the methyl derivatives, whether the starch is methylated di- 
rectly in air, or in nitrogen, or whether the methylated starch is pre- 
pared through the acetate, and irrespective of the molecular weight 
of the methylated starch, the percentage of end group (tetramethyl- 
glucose) obtained on hydrolysis remains unchanged. Furthermore, 
it was possible to reduce the molecular weight of methylated starch 
by hydrolysis with aqueous methyl alcohol containing oxalic acid to 
a value of about 20,000 without changing the proportion of the non- 
reducing end group. 

These results are contrary to the view of Richardson, Higgin- 
botham & Farrow (11) who attributed the observed proportion of 
tetramethylglucose (end group) to random hydrolysis of long un- 
branched chains of similarly united residues during the preparation 
of the methyl derivatives from starch. In the opinion of Hirst & 
Young, if this were the case the proportion of end group should vary 
depending on the method of preparation of the methylated starch and 
should increase as the molecular weight of the methylated starch de- 
creases. This, however, was not the case. 

Freudenberg (12) bases his conception of starch structure on the 
screwlike model proposed by Hanes (13) shown in Fig. 2. The as- 
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Fic. 2.—Hanes’ hypothetical starch model. [Cf. ref. 13.] 


sumption of such a model would explain the formation of closed ring, 
nonreducing Schardinger dextrins from starch, as well as the hydroly- 
sis by a-amylase. Freudenberg postulates that the Bacillus macerans 
splits the starch to molecular chains containing five or six glucose 
residues. Because of the screwlike arrangement of the original spiral, 
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the first and last glucose units of these fragments are situated at a 
distance which is close enough to enable them to react and form rings 
of five or six glucose units. Thus, according to this author, the 
Schardinger dextrins are not preformed in the starch molecule, but 
are formed from the winding spiral of the starch chain in the process 
of enzymic hydrolysis. Indeed, Kerr (14) presents evidence indicat- 
ing that the Schardinger dextrins are synthesized by the B. macerans 
enzyme from open chain dextrins. 

Freudenberg et al. consider the a-dextrin to consist of a closed 
ring of five glucose units and the B-dextrin of six glucose units. Re- 
cent x-ray data, presented by French & Rundle (15), however, show 
that the a-dextrin (cyclohexaamylose) contains six glucose units, 
while the B-dextrin (cycloheptaamylose) contains seven glucose resi- 
dues in the ring. X-ray diffraction data of butanol-precipitated amyl- 
ose (16) as well as that of the amylose-iodine complex (17) also 
indicate that amylose possesses a hexagonal unit cell, the dimensions 
of which are in conformity with a helical structure. These dimensions 
are in agreement with those of a space-filling model of a helix with 
six glucose residues per turn. 

According to Freudenberg (12), the screw-shaped starch mole- 
cule is considered to form rods of 15 to 20 A thick, which are radially 
arranged in the concentric layers of the starch grain. Branching takes 
place in the spiral through linkage at the sixth hydroxyl group of the 
glucose units in the spiral. That branching occurs through the pri- 
mary alcohol group is shown by the fact that the 2,3-dimethylglucose 
obtained, together with the 2,3,6-trimethylglucose and 2,3,4,6-tetra- 
methylglucose, comes directly from the methylated starch (18, 19, 20). 
Thus, approximately every twentieth glucose unit has, in addition to 
the adjacent unit attached at the fourth carbon atom, another attached 
at the sixth position. From consideration of optical rotation data it is 
concluded that this linkage is of the a-type. Ahlborg & Myrback (21, 
22) have also shown that a-glucosidic-1,6-linkages exist in dextrins 
obtained from starch. From these dextrins a saccharide was isolated, 
having a 1,6-linkage, believed to be isomaltose. Their data indicate 
that starch contains approximately one isomaltose for every fifteen to 
twenty maltose linkages. That the polymeric bonds are of the a-gluco- 
sidic type is demonstrated by Meyer & Bernfeld (23), inasmuch as 
they are hydrolyzed with a-glucosidase, but not with B-amylase. 

Amylose, amylopectin, and synthetic starches——It has been defi- 
nitely established now that most natural starches contain at least two 
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components possessing a different constitution. Meyer et al. (24) 
separated maize and potato starch into two fractions, amylose and 
amylopectin. The amylose fraction, similar to the amyloamylose iso- 
lated by Samec (25) from potato starch by autoclaving and electro- 
dialysis, was completely hydrolyzed with B-amylase to maltose. With 
unfractionated starch the enzymic hydrolysis ceases when approxi- 
mately 60 per cent is converted into maltose. Meyer et al., applying 
the end-group method to the two fractions of maize and potato starch, 
obtained a chain length of approximately 300 glucose units for amyl- 
ose and 25 glucose units for amylopectin. Similar results were ob- 
tained by Hess & Krajnc (26) in the case of potato starch fractions. 
Since the molecular weight of methylated amylose determined by os- 
motic pressure measurements roughly agreed with that determined 
by the end-group method, Meyer et al. concluded that the amylose is 
not branched. The possibility that amylose is slightly branched is, 
however, not entirely excluded, inasmuch as Hess & Steurer (27) 
found that amylose with a chain length of 238 glucose units, based on 
end-group determination, showed a degree of polymerization of 650 
glucose units by osmotic pressure measurements. In this case there 
are approximately three chains linked together to form an amylose 
molecule. Meyer and co-workers (28, 29) are of the opinion that 
maize starch consists of two components, each possessing a different 
molecular structure: amylose (10 to 20 per cent) a mixture of poly- 
mers with unbranched chains and having a molecular weight of from 
10,000 to 60,000; and amylopectin (80 to 90 per cent) with greatly 
branched molecules, having a molecular weight of from 50,000 to 
1,000,000. 

McCready & Hassid (30) demonstrated that amylose exists in 
potato starch to the extent of about 20 per cent and that the intensity 
of the blue color produced with iodine is approximately six times that 
of amylopectin, and three times as intense as the color given by un- 
fractionated starch. By examining the intensity of the blue color pro- 
duced with iodine by mixtures of amylose and amylopectin, the rela- 
tive proportion of each in the mixtures can be estimated. Hassid & 
McCready (31) substantiated the results of Meyer et al. (24) in re- 
gard to the chain length of the two potato starch fractions. The 
methylated amylose yielded on hydrolysis 0.3 per cent of tetramethyl- 
glucose, a value corresponding to a chain length of about 300 glucose 
units. On hydrolysis of the methylated amylopectin 4.7 per cent of 
tetramethylglucose was obtained. Considering the approximate mo- 
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lecular weights of the two fractions from viscosity measurements, 
these data indicate that amylose consists of long unbranched chains 
of about 300 glucopyranose units, whereas the amylopectin molecule 
is built of chains of 25 glucopyranose units, combined to form a rami- 
fied structure. 

Bates, French & Rundle (32) developed a method for the quanti- 
tative estimation of amylose and amylopectin in various starches, 
based on the difference in the ability of the two fractions to bind io- 
dine in complex formation. They found the amylose content of the 
various starches determined by this method to be as follows: tapioca 
17, rice 17, banana 20.5, corn 21, potato 22, popcorn 23, wheat 24, 
sago 27, and lily bulb 34 per cent. It is of interest to note that waxy 
rice, waxy sorghum, waxy corn, and waxy barley starches are en- 
tirely devoid of amylose. Synthetic starch prepared by the action of 
potato phosphorylase on glucose-l-phosphate, in agreement with 
methylation studies, appeared to be essentially amylose. Preliminary 
results indicated that affinity for iodine of the starch components 
varied inversely with the degree of branching and directly with the 
length of the starch chains. The chains of the amylose component of 
any one starch were fairly homogeneous in length. 

Meyer & Heinrich (33) compared the proportions of amylose and 
amylopectin in the different organs of the potato plant. They found 
that the starches isolated from green growing potato leaves and from 
tubers contained approximately 18 per cent of amylose and about 82 
per cent of amylopectin. The amylose content of starch from the 
young sprouts on tubers was 46 per cent, a value rather unusually 
high for this component. These investigations were extended to a 
study of components of starches from sago, tapioca, peas, and waxy 
maize (34). Their results, in agreement with those of Bates et al. 
(32), indicated that waxy maize starch is devoid of amylose, and 
that the proportion of amylose and amylopectin in starches from dif- 
ferent plant sources varies considerably. 

Wolfrom et al. (35) applied the mercaptalation assay method to 
starch synthesized by the action of potato phosphorylase on glucose-1- 
phosphate. They hydrolyzed the synthetic starch with fuming hydro- 
chloric acid at 0° in the presence of ethyl mercaptan. The mercapta- 
lated mixtures, resulting from the reaction of the ethyl mercaptan 
and the released reducing groups by hydrolysis, were isolated as their 
acetates at various time intervals. The sulfur analytical data and the 
course of the hydrolytic reaction (without mercaptalation) were in- 











66 HASSID 


terpreted by these authors as showing an average degree of polymeri- 
zation of synthetic starch similar to that of natural starch. By graphic 
analysis a value of 32 + 1 glucose units was obtained for the initial 
average degree of polymerization of the synthetic potato starch. On 
this basis, Wolfrom et al. eliminate the long chain structure for syn- 
thetic starch and conclude that it has the same type of bond as the 
repeating unit in natural starch. However, there is no reason to sup- 
pose, on theoretical grounds, that the “average degree of polymeriza- 
tion” obtained by this method represents a definite structural unit 
in the starch molecule. Indeed, it may be observed that the mer- 
captalation method gave no consistent results when applied to natural 
starch. An average degree of polymerization of 20 + 4 was obtained 
with unmethylated potato starch (36); with methylated starch (37) 
the degree of polymerization was 150. The results of 20 + 4 glucose 
units reported in one case by Wolfrom et al. may therefore be con- 
sidered as a chance agreement with the values obtained by Haworth’s 
end-group method for natural starches. 

By means of selective precipitation with butanol, Schoch (38) 
isolated a fraction in 22 per cent yield from either corn or potato starch 
in “unique spherocrystalline form.” These crystals are considered by 
Schoch to be formed as a result of the formation of an addition com- 
pound with the butanol. No “end-group” determination has yet been 
made on this crystalline fraction. According to Bear (39), the butanol 
precipitated crystalline starch fraction, similar to the synthetic poly- 
saccharides, gives a V-type x-ray pattern. As in potato amylose and 
the synthetic polysaccharides, this crystalline fraction has a high con- 
version limit to maltose with B-amylose (40) and a great tendency 
to adsorb iodine, and is therefore considered the same as amylose 
(32). Wilson, Schoch & Hudson’s (41) observation that the butanol- 
precipitated fractions from corn and potato starches give high yields 
(approximately 70 per cent) of Schardinger dextrins, whereas the non- 
precipitated fractions give low yields (approximately 49 per cent) 
of these dextrins, lends further support to this view. According to 
these workers, this suggests a relatively uniform molecular configura- 
tion for the precipitated fraction and a more complex structure for 
the nonprecipitated fraction. Kerr & Severson (40), applying 
Schoch’s butanol precipitation method to a hot water extract of corn 
starch, obtained a product in the form of single minute crystals, 
which is also considered to be amylose, having an unbranched struc- 
ture (32). Kerr et al. (14, 40, 42) reported the existence of a third 
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starch component (y-amylose) isolated as an insoluble precipitate 
resulting from the conversion of corn starch with B-amylase or with 
B. macerans amylase. Wilson, Schoch & Hudson (41) attribute this 
insoluble fraction to the presence of fatty material and incomplete 
dispersion of the starch. Defatted starch, properly dispersed before 
submitting to enzyme action, produces a negligible amount of such 
insoluble material. 

Pacsu & Mullen (43) reported a method of starch fractionation 
by selective adsorption on cotton. However, they do not show proof 
of the purity of the amylose obtained by this method. Meyer & Fuld 
(44) found that the amylose prepared from potato starch by Wiegel 
(45) by hot dilute alcohol extraction was a mixture of amylose and 
amylopectin. 

Foster & Hixon (46) show that the viscosity limits of amylose 
components from various starches fall in an inverse order to the poten- 
tials at which they take up iodine from solution. This fact, they be- 
lieve, confirms the assumption that the potential is a function of the 
molecular weight of the amylose. An examination of the viscosity- 
concentration relationships of the amyloses indicates that the amyloses 
have a linear structure. Synthetic starch, however, appears to be 
anomalous in its behavior both with respect to its iodine-titration 
curve and the viscosity-concentration relationship of its solutions. 

Levine, Foster & Hixon (47) studied the dextrins isolated from 
corn syrup. By repeated methanol fractionation they obtained frac- 
tions ranging in mean molecular weight (calculated from iodine-re- 
ducing values) from less than two to twenty-six glucose units. Meth- 
ylation data indicated that the chains are essentially unbranched, in- 
asmuch as only a negligible quantity of dimethylglucose, as compared 
with that of tetramethylglucose, was found in the hydrolysis products 
of the methylated dextrins. Levine et al., in evaluating their methyla- 
tion data, express the opinion that the extent of branching can be more 
accurately estimated if, instead of tetramethylglucose, the quantity of 
dimethylglucose is determined. It should be pointed out that Freuden- 
berg & Boppel (19) demonstrated that about 40 per cent of the di- 
methylglucose obtained on hydrolysis of methylated starch is a degra- 
dation product, formed from 2,3,6-trimethylglucose during hydrolysis. 
The tetramethylglucose is shown to be unaffected. It is therefore ob- 
vious that no reliance can be placed on the determination of dimethyl- 
glucose as an assay for evaluation of the extent of branching. 

Caldwell & Hixon (48), comparing the physical properties of the 
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limit dextrins from waxy and ordinary corn starch by digestion with 
B-amylase, found “a close similarity rather than a chemical difference 
between them.” The quantity of dimethylglucose obtained by hydroly- 
sis of methylated corn starch was 0.93 per cent and that from its limit 
dextrin 0.67 per cent. They consider the difference (26 per cent) as 
insignificant and conclude that, if branching exists in the original 
starch, the linkages involved are hydrolyzed by B-amylase. Inasmuch 
as these authors base their conclusion on dimethylglucose rather than 
tetramethylglucose data, their results cannot be accepted as significant 
for the reason previously stated. 

Synthetic starch, prepared by Hanes (49) through the action of 
potato phosphorylase on glucose-1-phosphate (Cori ester), is similar 
to potato amylose in being completely hydrolyzed with B-amylase to 
maltose. Furthermore, the synthetic starch closely resembles the 
amylose in solubility, in tendency to retrograde from solution, and in 
the intensity of the blue color resulting from the addition of iodine. 
Data obtained by the end-group method (50, 51) reveal that synthetic 
starch, similar to amylose, is made up of long chains of glucopyranose 
units with little or no branching. It was demonstrated by Hassid, 
Cori & McCready (52) that the polysaccharide obtained through the 
action of crystalline muscle phosphorylase on glucose-1-phosphate in 
vitro is also similar in its properties and molecular constitution to 
the amylose fraction from potato starch. This synthetic muscle starch, 
unlike natural glycogen or starch, is made up of unbranched chains 
of about 200 glucose units. . 

There appears to be a definite correlation among certain of the 
properties of different starch-like polysaccharides and their molecular 
constitutions. Amylose from natural starch and the synthetic poly- 
saccharides synthesized in vitro by the potato and muscle phosphor- 
ylases have the following properties in common: (a) sparing solu- 
bility in water, (b) intense color production with iodine, (c) produc- 
tion of a sharp x-ray V-diffraction pattern (39), and (d) complete 
hydrolysis with B-amylase to maltose. These properties are identified 
with an unbranched long chain structure. On the other hand, the more 
soluble amylopectin and animal glycogen produce a comparatively less 
intense color with iodine, give a diffuse x-ray pattern, and are incom- 
pletely hydrolyzed with B-amylase. These substances are recognized 
as having a branched and relatively short-chain structure. 

The difference in behavior of B-amylase toward amylose, or the 
synthetic polysaccharides and amylopectin, or glycogen may be ex- 





tic 
loi 
cu 
ple 
Si 


SO! 


of 
th: 


fur 
sol 


ele 








CARBOHYDRATES 69 


plained on the basis of their difference in chemical constitution (23, 
31). B-amylase attacks the nonreducing ends of the polysaccharides, 
splitting off successive maltose fragments until it encounters a modi- 
fication in structure. Since branching in starch and glycogen occurs 
on the sixth carbon atom of some of the glucose units in the chains, 
it is assumed that these 1,6-linkages are probably responsible for 
stopping the hydrolysis at or near the points of branching. With long- 
chain polysaccharides having a nonbranched structure and therefore 
no such linkages, the hydrolysis by B-amylase continues until the 
whole molecule is degraded to maltose. 

Starch-iodine color and miscellaneous. — Freudenberg (12) ex- 
plains the blue starch-iodine color on the basis of a helical structure 
of starch. When treated with iodine, the iodine molecules are de- 
posited within the spirals, the spaces of which are of the exact size 
to allow the iodine to enter. The association formed between the 
iodine and the starch spirals affects its absorption bands, thus pro- 
ducing the blue color. Meyer & Bernfeld (53) object to this explana- 
tion on the grounds that some substances known not to have a spiral 
arrangement, such as methylated cellulose, or cellulose which has been 
swollen with zinc chloride, also give a blue color with iodine. Accord- 
ing to these authors, the explanation of the blue iodine color resides 
in the colloidal structure of these compounds. They note that certain 
colloidal suspensions and finely divided precipitates also give colors 
with iodine similar to starch. None of these substances gives the color 
reaction with iodine either in the state of molecularly dispersed solu- 
tions or in crystalline state; the color occurs only in the case of col- 
loidal precipitates having greatly distorted lattices. The iodine mole- 
cules are deposited in the fissures of these particles, forming a com- 
plex which results in a change of the light absorption of the iodine. 
Similarly, in the case of starch, the iodine is deposited in the super- 
molecular aggregates or micelles which produces an effect on the ab- 
sorption bands of the iodine. 

Rundle et al. (54, 55) claim that, since no one model is capable 
of explaining the many known colored iodine addition products other 
than starch, Meyer’s objection to the helical starch model is not seri- 
ous. These workers accept Freudenberg’s starch model and present 
further evidence to strengthen this view by showing that starch-iodine 
solutions exhibit dichroism of flow; the light with its electric vector 
parallel to the flow lines is more strongly absorbed than light with its 
electric vector normal to the flow lines. The dichroism of flow requires 
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that the long axes of the iodine molecules in the complex be parallel 
to the long axis of the starch-iodine complex. They believe that the 
optical properties of starch iodine and starch-iodine fractions may be 
best interpreted in terms of helical starch chains. 

Schoch (56) showed that the fatty acids, formerly believed by 
Taylor and associates to be esterified with starch, are merely adsorbed 
impurities. He demonstrated that the fatty material in corn, rice, and 
wheat starches can be removed without hydrolytic degradation by 
extraction with suitable water-miscible fat solvents such as methanol 
or 80 per cent dioxane. Lehrman (57), in his study on the nature of 
the fatty acids associated with starch, arrived at a similar conclusion. 

Schoch’s (56) results indicate that, while the greatest proportion 
of the phosphorus material can be extracted with hydrophilic fat sol- 
vents from corn, wheat, and rice as lipid material, the same treatment 
removes only a very small fraction of the phosphorus in potato starch. 
This phosphorus is probably esterified with the carbohydrate. These 
results are in agreement with those of Posternak (58) who found that, 
whereas in the starches stored in tubers and rhizomes the phosphorus 
is combined in ester form with starch, in the cereals the phosphorus is 
not directly linked to the starch but rather is present in the form of 
lecithins. Schoch recommends that prior to the use of the common 
cereal starches for any fundamental studies, they should be freed from 
lipid material by successive extraction with hot 85 per cent methanol. 

Lampitt, Fuller & Goldenberg (59) report the results of a com- 
prehensive investigation on the effect of prolonged dry grinding upon 
the physical properties and molecular size of wheat starch. They 
found that the following major changes take place during the grinding 
process: (a) the granules lose their organized “micro-structure” and 
become permeable to cold water; (b) the proportion of the ground 
starch extractable by cold water increases with the progress of grind- 
ing until, after 2,000 hours’ grinding, nearly all the starch becomes 
soluble; (c) the phosphorus-poor fraction of the wheat starch is 
broken down by grinding preferentially to the phosphorus-rich frac- 
tion, but both are eventually reduced to a form soluble in cold water. 
The starch soluble in cold water is disrupted through the gradual 
break-up of the macromolecules by rupture of the lateral linkages 
which hold together the repeating units of twenty-four to thirty an- 
hydroglucose residues (see Fig. 1). 

Bear & French (60) studied the x-ray diffraction patterns of sev- 
eral starches obtained from various plant sources. Their data indicate 
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that the diffractions are those of a single major component and that 


in potato starch and corn starch there are two maltose residues per 
unit cell. 


GLYCOGEN 


Several additional specimens of glycogen from different sources 
(dogfish muscle, Helix pomatia, and livers of dogfish, haddock, and 
hake) were examined by the end-group method (61, 62). The data 
obtained were consistent with previous results (63), which led to the 
conclusion that glycogen possesses a branched structure, the molecule 
consisting of repeating chains of twelve or eighteen glucopyranose 
units.” Haworth and co-workers (61) now consider the repeating units 
to be held together by primary valences. 

A polysaccharide isolated from a higher plant, the seed of Zea 
mays, possessed properties commonly associated with glycogen (64). 
An examination of this carbohydrate by the end-group method showed 
that its structure is similar to that of glycogen from animal sources 
(65). 

A more precise representation of the structure of glycogen was 
formulated by Meyer & Fuld (66). These workers envisage multiple 
branching rather than single branching, as conceived by Haworth, 
Hirst & Isherwood (63). They find that methylated glycogen, as- 
sayed by the end-group method, has one terminal glucose unit per 
eleven glucose residues (9 per cent tetramethylglucose), and that 
glycogen is degraded by B-amylase to maltose to the extent of 47 per 
cent. The 53 per cent of the residual dextrin resisting B-amylase con- 
tained 18 per cent tetramethylglucose, which is equivalent to one 
terminal group per every 5.5 glucose units. They believe this to indi- 
cate that the outer branches of the glycogen molecule, which is at- 
tacked by the enzyme, consist of six or seven glucose residues in 
a-1,4-glucosidic binding ; 5.5 of these residues are split off by 6-amyl- 
ase, whereas one or two remain at the branching point, furnishing the 
terminal groups of the residual dextrin. Only short chains of an 
average of three glucose residues with free 2,3,6-OH groups are situ- 
ated between these glucose residues whose 6-position is occupied by 


a branch. This conception of a ramified glycogen structure is repre- 
sented in Fig. 3 (p. 72). 


2 The glycogens from various sources on which end-group determinations 
have been made are tabulated in a recent review (10). 
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A similar view of multiple branching is held by Meyer (23) re- 
garding the structure of amylopectin, with the difference that the 
outside branches consist of fifteen to eighteen glucose units, and the 
inside parts of the chain, between branch positions, of about eight or 
nine units. Since both the outside and inside branches in glycogen are 
shorter than in amylopectin, the glycogen lends itself to the building 
of a more compact molecule. The glycogen molecule is considered 
spherical in shape; however, viscosity-concentration relationship 
studies indicate a deviation from the completely spherical form (67). 





Fic. 3.—Glycogen (Meyer, A = aldehydic end, o = glucose units). 
[Cf. refs. 66, 67.] 


The molecular weight of glycogen determined by osmotic pressure 
measurements is in the region of 1,000,000 to 2,000,000 (68). Ac- 
cording to Meyer’s (67) observations, undegraded glycogen from 
various origins has a molecular weight in excess of 4,000,000. 


CELLULOSE 


Whereas the yield of end-group from methylated starch remains 
the same regardless of whether the methylation process is carried out 
in an atmosphere of air or nitrogen, in the case of cellulose these 
conditions exert a marked influence. Hess & Neumann (69) demon- 
strated that when oxygen is carefully excluded during methylation of 
cellulose by displacing the air with nitrogen, no tetramethylglucose is 
present among its hydrolysis products. The end groups which they 
found in experiments where methylation was carried out in the pres- 
ence of oxygen were attributed to an oxidative degradation caused by 
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alkali in the presence of air. Haworth and collaborators (70, 71) rein- 
vestigated the problem of disaggregation of cellulose during the 
methylation process in air and in nitrogen and made the additional 
observation that, while no end groups are observed when cellulose is 
methylated in the presence of nitrogen, the cellulose is nevertheless 
progressively broken down to smaller particles when repeatedly meth- 
ylated. Successive methylation in air causes degradation of cellulose 
to smaller-sized particles, the degradation being reflected in the results 
obtained by viscosimetric and osmotic pressure measurements and 
also by the end-group method. On the other hand, if air is excluded 
during the process of repeated methylation, the molecular size of 
the cellulose is similarly diminished, as measured by the same physical 
methods, but the tetramethylglucose is entirely absent from the hy- 
drolysis products. The diminution of the particle size, however, pro- 
ceeds at a much slower rate when the methylation is conducted in 
nitrogen than when in air. Thus, methylated cellulose, prepared by 
sixteen methylations in air (70, 71) was shown by osmotic pressure 
measurements to consist of 43 glucose units (by the end-group method, 
66 glucose units); whereas when air was excluded the product of 
fifteen methylations gave a molecular weight of approximately 450 
glucose units determined by the osmometric method (only negli- 
gible amounts of tetramethylglucose were found by the end-group 
method). However, when methylated in an atmosphere of nitrogen, 
no ultimate disruption of cellulose occurred. The molecular weight 
tended toward a minimal value of approximately 200 glucose units, 
which was reached after twenty-five to thirty methylations. 

The distinction between obtaining a methyl cellulose containing 
tetramethylglucose when methylated in the presence of air, and that 
of a methylated product devoid of end groups when air is excluded 
applies only to cellulose which is directly methylated. When methyl- 
ated cellulose is: prepared from cellulose which had been previously 
acetylated, the atmosphere in which the methylation is conducted 
appears immaterial. Whether the methylation process is carried out 
in nitrogen or in air, the products from the acetate invariably con- 
tain end groups corresponding to an average chain length of approxi- 
mately 200 glucose units. The fact that the size of methylated cellulose 
particles diminishes with successive methylation in air as well as in 
nitrogen, indicates that the rupture of glucosidic linkages takes place 
at definite points along the chains. Haworth (72) accounts for the 
absence of end groups in cellulose methylated with methyl sulfate and 
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alkali in nitrogen, notwithstanding the fact that degradation of the 
methylated cellulose takes place, by the assumption that molecular 
degradation is followed by immediate formation of loops. The changes 
that take place during methylation are shown graphically in Fig. 4. 
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Fic. 4.—Degradation of methylated cellulose in the presence and absence of air 
(Haworth). [Cf. ref. 72.] 


Methylated cellulose of high molecular weight is represented by a 
loop, Fig. 4(a). Further methylation leads to simultaneous rupture 
at two points as shown by the dotted line in Fig. 4(a) and results in 
two open-chain structures, Fig. 4(b). In the absence of oxygen the 
exposed ends at the points of rupture recombine and form smaller 
loops, Fig. 4(c), which produce no end groups. Oxygen, however, 
appears to inhibit the recombination of the ends of these fragments, 
Fig. 4(b), inasmuch as it is observed that methylated cellulose ob- 
tained when the methylation is conducted in air contains an end group. 
In order that formation of loops could take place it is assumed that 
the ends of each fragment, represented by Fig. 4(5), are situated in 
close proximity one to another and remain in the same position as at 
the time of rupture. Haworth (72) suggests that the alignment, 
whereby the ends are held in static position, is maintained by lateral 
cross-linkages, as shown in Fig. 4(d). This hypothesis implies that 
native cellulose consists of long chains of glucose residues joined by 
1,4-B-glucosidic linkages and that these chains are oriented with re- 
spect to each other in such a way that alternate chains are aligned 
with the potential reducing groups pointing in opposite directions, 
Fig. 4(e). The chains are held by lateral secondary bonds which 
serve to maintain the alignment and occur at intervals of twenty-five 
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to thirty glucose units. Ring closure at each end of a pair of such 
chains would produce a looped structure, shown in Fig. 4(d). 

Haworth et al. (73, 74) studied the cellulose product obtained by 
soaking cotton in 5 per cent hydrochloric acid. The hydrocellulose 
thus prepared did not contain any uronic acid residues but retained 
its fibrous structure. This hydrocellulose was further separated into 
a powdered and a fibrous fraction. End-group assay showed that the 
original hydrocellulose had an average chain length of 120 glucose 
units. The chain length of the powder form, determined by oxidation 
with iodine, corresponded to seventy glucose units. Hydrocellulose 
thus appears to be a cellulose partially degraded through rupture of 
some glucosidic linkages in the chains under the influence of acid 
during preparation. It is therefore considered to constitute fragments 
of the original cellulose chain molecules, the essential structure of 
these fragments being the same as in the parent cellulose. The differ- 
ence between the powdered and fibrous fractions is that in the for- 
mer the hydrolytic cleavage proceeded farther than in the latter. 
It appears, from the study of solubilities of various hydrocellulose 
fractions in sodium hydroxide, that their solubilities are inversely 
proportional to their chain lengths. 

Oxycellulose, prepared by oxidation of cotton linters in cold 0.25 
N acid permanganate (75) retained the fibrous structure of cellulose, 
but was noted by its high reducing value, extreme sensitivity to 
alkali, and uronic acid content. Fifty per cent of the oxycellulose 
dissolved in 0.25 N solution of alkali and the dissolved portion under- 
went decomposition of the type suffered by oligosaccharides in the 
presence of alkali. The alkali insoluble residue of oxycellulose did 
not show the characteristic properties of the original oxycellulose and 
was practically indistinguishable from hydrocellulose prepared by 
treating cellulose with dilute acid. It acetylated and methylated with 
ease and its molecular size, determined by the end-group method, 
corresponded to 90 glucose units. 

Purves et al. (75a) have studied the distribution of the acetyl 
groups in technical cellulose acetate, having an average of 2.44 out 
of a possible 3 acetyl groups per glucose unit. They esterified the 
remaining 0.56 hydroxyl groups in the incompletely acetylated cel- 
lulose with p-toluenesulfonyl (tosyl) chloride and determined the 
rates at which the hydroxyls in the three different positions were 
tosylated. The tosyl group on position 6 could be determined by direct 
reaction with sodium iodide, but positions 2 and 3 were estimated by 
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mathematical analysis of their rates of esterification. The rate con- 
stants for tosylation of the unsubstituted hydroxyl groups in the 
cellulose acetate were found to be in the ratio of 23.4 : 2.16 : 0.106 
for positions 6, 2, and 3, respectively. When the free hydroxyl groups 
of incompletely ethylated ethylcellulose were similarly substituted by 
tosyl groups, a tosylation rate ratio of 15: 2.3 : 0.07 was obtained 
for positions 6, 2, and 3 of the anhydroglucose units. This ratio is 
approximately the same as demonstrated in the case of cellulose ace- 
tate. It may, therefore, be concluded that in esterification and alkyla- 
tion reactions the hydroxyls in position 6 (primary alcohol group) of 
the glucose units in the cellulose chain possess the greatest reactivity, 
while the hydroxyls in position 3 react most sluggishly. 


POLYSACCHARIDES CONTAINING GALACTOSE 


Arabo-galactan.— The arabo-galactan, or so-called e-galactan, 
known to exist in larch woods and of interest in connection with the 
chemistry of wood formation, has been further studied by Wise and 
co-workers (76). Hydrolyzed specimens of arabo-galactan from dif- 
ferent species of larch wood yielded arabinose and galactose in an 
approximate ratio of 1 to 6 moles. Systematic fractionation of the 
ester derivatives of this carbohydrate from various solvent mixtures 
produced fractions of similar acyl content but of variable optical 
activity, reducing value, specific viscosity, and araban content. These 
authors concluded that the ester derivatives were nonhomogeneous 
and that the arabo-galactan was probably also a mixture of a galactan 
and an araban. Hirst et al. (77) arrived at a similar conclusion, in- 
asmuch as the methyl derivative of arabinose-free galactan obtained 
by preferential hydrolysis of the araban with dilute acid was identical 
to the methylated galactan obtained by separation of the latter from 
a mixture of methylated galactan and methylated araban produced 
by methylation of the original arabo-galactan. The araban consisted 
of arabofuranose* units, whereas the galactan was composed of 


8 According to Hirst (78), the existence in close association of two polysac- 
charides, araban and galactan, containing monosaccharide units of different ring 
structure is not consistent with the frequently advanced “decarboxylation theory.” 
This theory claims that pentoses originate intermolecularly through decarboxyla- 
tion of uronic acids ultimately derived by oxidation of hexoses. Thus, for ex- 
ample, d-xylose in the polysaccharide xylan found in close association with cellu- 
lose may be derived from d-glucose of the latter; similarly /-arabinose in araban 
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B-linked galactopyranose units. After methylation and hydrolysis, the 
galactan produced an equimolecular mixture of tetramethyl-, 2,4-di- 
methyl-, and a trimethylgalactopyranose, indicating that the polygalac- 
tose consisted of branched-chain repeating units. 

Mosimann & Svedberg’s (79) results also indicate that the arabo- 
galactan is a mixture of two polysaccharides. Using the ultracentri- 
fuge, they obtained sedimentation diagrams showing that the cen- 
trifuged substance contained two components of different molecular 
weights, approximately 16,000 and 100,000. 

Contrary to the results obtained by the previous investigators, 
White (80) presents evidence that the arabo-galactan from western 
larch is not a mixture of two polysaccharides, but is one chemical 
entity joined by oxygen linkages through the reducing carbon atoms 
of the pentose units to sixth positions of galactose residues. On 
methylation and complete hydrolysis of the polysaccharide, 2,4-di- 
methyl-d-galactopyranose (3 moles), 2,3,4-trimethyl-d-galactopyra- 
nose (1 mole), 2,3,4,6-tetramethyl-d-galactopyranose (2 moles), and 
2,3,5-trimethyl-l-arabofuranose (1 mole) were obtained. Partial hy- 
drolysis of the methylated arabo-galactan also yielded a variety of 
fission fragments, including octamethyl- and heptamethyl-6-d-galac- 
tosidogalactose, and a residue comprising mainly 2,4-dimethylgalac- 
tose anhydride units. The methylation data indicate a main chain of 
1,6-linked galactopyranose units previously proposed by Hirst and 
co-workers (77). Each unit of the primary chain is substituted in 
position 3 by a secondary chain of three 1,3-linked galactose residues, 
each in turn substituted at the 6-position by terminal units. The latter 
are, respectively, d-galactose and the radicals R, d-galactose and /-ara- 
binose, whose relative position is not known. The following tentative 
diagrammatic Formula I (p. 78) representing the repeating unit of 
the arabo-galactan, is proposed by White. 

Agar.—Percival & Somerville (81), using the methylation pro- 


may be derived from d-galactose of galactan. Since the arabinose units in araban 
have the furanose configuration, they could not have been derived directly from 
galactose by oxidation and subsequent decarboxylation. Such a transformation 
should yield arabopyranose units. Hirst is of the opinion that the mechanism of 
decarboxylation is not involved in the production of pentose sugars. 

As far as it is known, whenever /-arabinose is encountered in nature in com- 
bined form, as in the plant gums or the arabans associated with pectic substances 
(7, 78), it always exists in the furanose form. On the other hand, combined xylose 
favors the pyranose form. 
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cedure, were first to establish the fundamental features of the struc- 
ture of agar. They showed that the major part of the agar molecule 
consists of d-galactose residues united by 1,3-glycosidic linkages 
chiefly of the B-type. The sulfuric acid group esterified with galactose 
is hydrolyzed during acetylation or methylation, since no sulfur can 
be detected in agar acetate or methylated agar. Pirie (82) made the 
interesting observation that /-galactose as well as d-galactose was 
present among the acetolysis products of agar. That /-galactose is 
an integral part of this polysaccharide was later definitely established 
from the fact that a derivative of /-galactose was found among the 
hydrolysis products of methylated agar (83). Araki (84) also reports 
the isolation of a disaccharide from the hydrolysis products of methyl- 
ated agar which is apparently pentamethyl-d-galactosido-3,6-anhydro- 
methyl-/-galactoside, the d- and /-galactose derivatives probably united 
through the first and fourth carbon atoms. It was further shown that 
the methylated /-galactose derivative contained a 3,6-anhydro (or 
hydrofuranol) ring. But, inasmuch as Duff & Percival (85) demon- 
strated that alkaline hydrolysis of methylgalactoside-6-sulfate leads to 
the formation of 3,6-anhydromethylgalactoside, it is assumed the 
3,6-anhydro form of /-galactose obtained from agar is not an original 
constituent, but a residue formed in the course of hydrolysis of /-ga- 
lactose-6-sulfuric acid ester in agar. 


— —_ 
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I. Arabo-galactan. (G = d-galactopyranose residue; R = d-galactopyranose 
or /-arabofuranose, but not both; stroke indicates a glycosidic link; numerals 
represent points of attachment of glycosidic linkages. For convenience the reviewer 
has chosen the diagrammatic presentation of the more complex polysaccharides.) 


Jones & Peat (86) found among the hydrolysis products of meth- 
vlated agar some carboxylic acid groups, identified as 2,5-dimethyl- 
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3,6-anhydro-l-galactonic acid. This acid is believed to form by air 
oxidation from the terminal /-galactose residue when acid conditions 
precede the preparation of the methylated agar. According to these 
authors, the agar is the sulfuric acid ester of a linear polygalactose in 
which the repeating unit is composed of nine d-galactopyranose resi- 
dues terminated at the reducing end by one residue of /-galactose. The 
d-galactose units are mutually combined by 1,3-glycosidic linkages, 
but the /-galactose residue is attached to the chain through position 4. 
The /-galactose is esterified at the sixth carbon atom with sulfuric 


acid. According to Jones & Peat, the constitution of agar is best 
represented by Formula II. 


- 
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II. Agar (Jones and Peat). [Cf. ref. 86.] 


The results of Percival & Thomson (87) regarding the relative 
proportion of the hydrolysis products of the methylated agar deriva- 
tives are somewhat at variance with those obtained by Jones & Peat. 
Percival & Thomson point out that the methoxy! content for a model 
of methylated agar on the line suggested by Jones & Peat should be 
42 per cent, whereas the highest recorded value is not greater than 
35 per cent for a representative sample. They are, therefore, of the 
opinion that the structure of agar as presented by Formula II is over- 
simplified. 

Buchanan, Percival & Percival (88) have shown that the poly- 
saccharide from carragheen moss, similar to agar, contains galactose 
residues joined by 1,3-linkages. However, the sulfuric ester group 
is attached to carbon atom 4 in galactose and not to position 6 as in 
agar. The galactosidal linkages combining the residues appear to be 
of the a-type. This takes no account of the mode of union of the 
unidentified portion of the molecule. It is of interest to note that the 
1,3-glycosidal linkage is prevalent in galactose polysaccharides. 

Snail galactogen.—This carbohydrate occurs together with glyco- 
gen in the albumin glands of the snail, Helix pomatia. According to 
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Baldwin & Bell (89), hydrolysis of the methylated galactogen pro- 
duced a mixture of 2,3,4,6-tetramethyl-d-galactopyranose and 2,4-di- 
methyl-d-galactopyranose, but no trimethylgalactose could be detected. 
These authors (90) also demonstrated that part of the galactose in 
galactogen exists in the form of the /-isomer, inasmuch as dl-galacto- 
2-benziminazole was prepared from the hydrolysis products of the 
polysaccharide. This is the first case on record showing that /-galac- 
tose exists in a material of animal origin. Since trimethylgalactose 
is absent in the hydrolysis products of the methylated galactogen, the 
repeating unit cannot be represented by an unbranched, but rather 
must be represented by a highly branched, chain. The repeating unit 
probably consists of seven galactopyranose units. The relative pro- 
portion of tetra- and dimethylgalactose indicates two possible struc- 
tures for galactogen, IIIa or IIIb. 
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III. Snail galactogen. (Two possible arrangements of the repeating unit; 
G = galactopyranose residue.) [Cf. ref. 90.] 


Optical rotation data point to a 6:1 ratio of d- to /-galactose in 
galactogen. The exact position of the /-galactose is unknown, but the 
indication is that one of the four terminal galactose residues in the 
repeating unit is /-galactose. The colloidal properties of galactogen 
suggest that it is very likely a large molecule made up of a great 
number of repeating units, each consisting of seven galactose residues, 
one of which is reducing. The repeating units are probably joined 
through the reducing galactose residue in one unit and some hydroxyl 
group of a galactose residue of another unit. Such linkage would 
account for the nonreducing properties of the galactogen. 


OTHER POLYSACCHARIDES 


Laminarin.—The constitution of the polyglucose, laminarin, 
known to occur in Laminaria cloustoni, was studied by Barry (2). 
On methylation and hydrolysis of the polysaccharide 2,4,6-trimethyl- 
glucopyranose was obtained, showing that the glucose residues are 





lir 


in 


inc 


ro- 
-di- 
ted. 
2 in 
cto- 
the 
lac- 
tose 
the 
ther 
unit 
pro- 
ruc- 


ae 


unit ; 


se in 
it the 
n the 
togen 
great 
idues, 
oined 
lroxyl 
would 


inarin, 
y (2). 
1ethyl- 
es are 





CARBOHYDRATES 81 


combined by 1,3-glycosidic linkages. The negative rotation of the 
laminarin suggests that the linkages are of the B-type. The belief that 
this polysaccharide exists in combination with sulfur as an ethereal 
sulfate could not be substantiated, inasmuch as extraction under mild 
conditions gave laminarin, which contained negligible amounts of 
combined sulfate. Hydrolysis of laminarin with oxalic acid or an 
enzyme from snail juice, produced a new disaccharide, for which the 
name “laminaribiose” was suggested (91). Its probable structure is 
glucose-3-B-glucoside. Formula IV represents the arrangement of the 
glucose residues in the laminarin. 
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IV. Arrangement of glucose units in laminarin, showing the 1,3-B-glucosidic 
linkages. [Cf. ref. 2.] 


The extent of oxidation of laminarin with periodic acid was used 
by Barry (92, 93) as an “end-group assay” for this polysaccharide. 
The determination of this end group is based on the following: The 
periodic acid reacts with the group —=C(OH)—C(OH)=, splitting 
the carbon bond and oxidizing each C-OH to CHO. In any poly- 
saccharide in which the linkage is 1,4, as in starch or cellulose, the 
necessary pair of adjacent C-OH groups is provided by carbon atoms 
2 and 3. If, however, carbon atom 3 takes part in the linkage of the 
units, there is no pair of adjacent C-OH groups available and the 
polysaccharide cannot be attacked by periodic acid. It was neverthe- 
less found that a small but definite reduction of periodic acid took 
place when laminarin was used, apparently due to the oxidation of 
terminal nonaldehydic glucose units present in the molecule, inasmuch 
as these are the only units in the polysaccharide which could supply a 
=C(OH)—C(OH)= group for attack by the periodic acid. Sub- 
sequent oxidation with bromine yielded a polysaccharide whose end 
group contained two carboxyl groups. Estimation of the dicarboxyl- 
ated end group indicated a chain length of 16 glucose units for lam- 
inarin. However, this chain length was not in agreement with that 
obtained by the Haworth-Hirst method of end-group assay, which 
indicated a chain length of about 74 glucose units. 
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An insoluble polyglucose having a similar B-type 1,3-glycosidic 
linkage occurs in yeast (Saccharomyces cerevisiae) (3). Hydrolysis 
of the methylated polysaccharide produced 2,4,6-trimethylglucose as 
the sole product. The laminarin and the yeast polyglucose are of spe- 
cial interest in that they are the only polysaccharides known in which 
the glucose residues are joined by 1,3-glycosidic linkages. Both of 
these polysaccharides are similar to cellulose or the amylose fraction 
from starch inasmuch as each is formed from one and the same kind 
of monosaccharide unit and consists of unbranched chains. They may, 
therefore, be considered “simple” polysaccharides, according to the 
classification suggested by Peat (6). 

Y east mannan.—The earlier work of Haworth, Hirst & Isherwood 
(94) on the structure of yeast mannan has been extended by Haworth, 
Heath & Peat (95). The last-named authors have shown that the 
mannan is homogeneous and consists entirely of d-mannopyranose 
residues. Hydrolysis of the methylated mannan results in a mixture 
of tetramethylmannopyranose, 3,4,6-trimethylmannose, 2,4,6-trimeth- 
ylmannose, 2,3,4-trimethylmannose, and 3,4-dimethylmannose. If the 
three trimethylmannoses are grouped together as the “tri” fraction, 
it is found that the “tetra,” “tri,” and “di” fractions are present in 
equimolecular proportions. The greater part (90 per cent) of the 
“tri” fraction consists of equal parts of 3,4,6- and 2,4,6-trimethyl- 
mannose. A small amount of 2,3,4-trimethylmannose is also present. 
The latter trimethyl derivative constitutes not more than 10 per cent 
of the “tri” fraction or 3 per cent of the methylated mannan. The 
structure of yeast mannan, as interpreted from the relative proportion 
of these methylated derivatives, is represented by a central chain con- 
sisting of 1,2-glycosidically linked mannopyranose units with side 
chains attached to position 6. The small amount of 2,3,4-trimethyl- 
mannose obtained is considered to represent the nonreducing end 
group of the central chain. Optical rotation data indicate that the 
mannose residues are joined by a-glycosidic linkages. The diagram- 
matic Formula V represents some of the possible arrangements of the 
repeating unit. According to these investigators, the branched struc- 
tures of six d-mannopyranose residues are probably repeated n times 
(the magnitude of n being 30 to 60) to form a terminated chain mole- 
cule of about 200 to 400 mannose residues. 

Hemicelluloses—Hemicelluloses usually refer to those water- 
insoluble complex polysaccharides in the cell walls, which may be 
extracted with dilute alkalis and hydrolyzed with dilute acids to their 
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constituent sugars and uronic acids. The hemicelluloses have no 
structural relation to cellulose. A complex polysaccharide described 
as a hemicellulose was extracted by Granichstadten & Percival (96) 
from Iceland moss, Cetraria islandica, with dilute sodium hydroxide. 
Acid hydrolysis of the polysaccharide produced a mixture of sugars 
containing 89 per cent glucose, 8 per cent galactose, 3 per cent man- 
nose, and 5 per cent uronic acid, probably d-glucuronic acid. Methyl- 
ation and fractionation, with molecular weight determination by the 
viscosity method, showed that the polysaccharide was not homo- 
geneous. The hemicellulose is considered to be a mixture of poly- 
saccharides made up chiefly of B-glucose units linked through positions 
1,2, 1,3, 1,4, and 1,6—the first being a type of linkage thus far not 
reported for glucose units. 




















M M M 
1 1 1 
2 3 3 
M M M M 
1| 1 1 1 
6 6| 6 6 
F | 1:2 1 2 1:2 1:2 1 
€ M M In Lo M M M ar 
7 M M 
1 | 1 
* 6 
2 3:2 1:2 3:3 1 
M M. M M 





I» 


V. Yeast mannan. (Some of the possible representations of the repeating 
unit; M = d-mannopyranose.) [Cf. ref. 95.] 


The hemicelluloses from sapwood of white pine, Pinus strobus, L. 
were studied by Anderson et al. (97). Hydrolysis of these hemicellu- 
loses produced methoxyhexuronic acid, d-xylose, and d-mannose. The 
hemicelluloses isolated from the cottonwood, Populus macdougali (98) 
also consisted of methoxyuronic acid and d-xylose units, but, unlike 
those isolated from the white pine, contained no d-mannose. Small 
amounts of d-glucose are usually present along with the d-xylose among 
the hydrolysis products of the hemicelluloses. According to Anderson, 
it is not clear whether this d-glucose is derived from traces of starch 
or dextrin present as an impurity, or whether it is an integral part of 
the hemicellulose molecule. The methoxyhexuronic acid constituent 
of these wood hemicelluloses has not been identified with certainty, 
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but there are indications that it is probably methoxy-d-glucuronic acid. 
Since it is difficult to separate wood hemicelluloses into fractions of 
the same composition, they are probably mixtures of several chemical 
entities. The hemicelluloses from cottonwood (98) are considered to 
be mixtures of molecules consisting of chains varying in size from 
approximately seven to nine d-xylose units, each chain being com- 
bined with one molecule of monomethylhexuronic acid. These hemi- 
cellulose molecules are smaller than those obtained from hardwood 
(99). The white pine hemicelluloses (97) also are mixtures of mole- 
cules made up of a methylhexuronic acid unit combined with chains 
of five or six d-xylose units which in turn are combined with some d- 
mannose units. The positions involved in the linkage of the constituent 
monosaccharides to form the hemicellulose molecules are not deter- 
mined. The hemicelluloses are not dissolved out of plant materials 
by water, but after they have been dissolved by alkali and reprecipi- 
tated by an acid they become soluble to some extent in water. Accord- 
ing to Anderson, this suggests that the hemicelluloses are joined by 
an ester linkage between the carboxyl group of the uronic acid and 
an hydroxyl group of some cell-wall constituent, such as lignin or 
another hemicellulose molecule. 

The hemicelluloses from sheep’s fescue (Festuca ovina) and sweet 
vernal grass (Anthoxanthum odoratum) examined by Bennett (100) 
yielded on hydrolysis a uronic acid, /-arabinose, and d-xylose in the 
approximate ratios of 1:0.2:15.7 and 1:2.9:9.3, respectively. The 
cornstalk hemicelluloses studied by Weihe & Phillips (101) also con- 
sisted of uronic acid, /-arabinose, and d-xylose. 

Mucilages.—Mucilages are similar to hemicelluloses in that they 
are also complex polysaccharides which on hydrolysis produce sugars 
and uronic acids. However, unlike the hemicelluloses, they are soluble 
in water. The mucilage, isolated by Anderson e¢ al. (102) from indian 
wheat, Plantago fastigiata, contains d-xylose and an aldobionic acid, 
consisting of d-galacturonic acid and /-arabinose. The previously 
isolated mucilage from Plantago psyllium seed (103) is made up of 
the same constituents. No precise knowledge is available at present 
concerning the constitution of the aldobionic acid found in these 
mucilages. The mucilage extracted by Mullan & Percival (104) from 
the seeds of Plantago lanceolata likewise contains d-xylose and d- 
galacturonic acid, but differs from those isolated by Anderson e¢ al. 
in that it also contains d-galactose and a methyl pentosan, and no /- 
arabinose. Methylation and hydrolysis of this mucilage yielded an 
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extraordinarily high proportion of trimethylxylopyranose (terminal 
groups), indicating a highly branched-chain molecular structure. The 
presence of 3,4-dimethylxylopyranose among the hydrolysis products 
of the methylated mucilage constitutes proof of the unusual 1,2-B- 
linkages of the xylose residues. That the glycosidic linkages are of the 
B-type is deduced from the fact that the polysaccharide, the acetate, 
and the methylated derivative have strong negative rotations. The 
galactopyranose units present in the molecule are linked through 
positions 1 and 3 as in agar (81). The mode of linkage of the uronic 
acid and the nature of the methyl pentose present is not determined. 

The mucilage from the seeds of Plantago arenaria (105) consists 
of d-xylose, l-arabinose, d-galactose, and an aldobionic acid com- 
posed of d-galacturonic acid and d-xylose. Hydrolysis of the methyl- 
ated polysaccharide produced trimethylxylopyranose (30 per cent), 
2-methylxylose (23 per cent), tetramethylgalactopyranose (4 per 
cent), and a mixture (40 per cent) composed chiefly of 3,4-dimethyl- 
xylose and probably some methylated derivatives of arabinose. From 
these data it is concluded that the mucilage contains xylopyranose and 
galactopyranose end groups in the ratio of 9 to 1, and that the remain- 
ing xylose residues are glycosidically linked through 1,2-B-linkages, 
as in the case of the Plantago lanceolata mucilage. 

Miscellaneous polysaccharides —The carbohydrate fraction of ovo- 
mucoid which is present in egg albumin was studied by Stacey & 
Woolley (106). This carbohydrate is of interest because it is unique 
in that it is intermediate in size between an oligosaccharide and a 
polysaccharide. The carbohydrate fraction forming 20 per cent of the 
ovomucoid appears to be in combination with peptide residues. The 
fact that the latter are split off from the carbohydrate by saponification 
indicates that they are attached by ester linkages. Hydrolysis of the 
methylated carbohydrate fraction yields N-acetyl 3,4,6-trimethyl-d- 
glucopyranose (7 moles), d-mannopyranose (2 moles), 3,4,6-tri- 
methyl-d-mannopyranose (1 mole), and 2,3,4,6-tetramethyl-d-galac- 
topyranose (1 mole). Formula VI (p. 86) represents one of several 
possible methods of portraying the structure of this carbohydrate. 

The carbohydrate is shown as a nonreducing hendecasaccharide 
having a central core of three mannose units to which seven N-acetyl- 
glucosamine units and one galactose unit are attached by glycosidic 
linkages. The presence of 3,4,6-trimethylmannopyranose among the 
cleavage products shows that one of the mannose residues in the 
molecule differs from the other two in that only one terminal group 
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is attached to it. This terminal unit is joined through a 1,2-glycosidic 
linkage and may be either galactose or N-acetylglucosamine as shown 
in Formula VI. The carbohydrate represented by this formula ap- 
parently cannot be regarded as a repeating unit but as one constituting 
the whole molecule. Because of its low molecular weight the ovo- 
mucoid carbohydrate is considered by these authors not as a poly- 
saccharide, but rather as a hendecasaccharide. Indeed, the following 
facts support this view: the carbohydrate itself, its acetate, and its 
methylated derivative readily dialyze through parchment and collodion 
membranes ; the methylated derivative shows low relative viscosities 
in chloroform solution, and both the acetate and the methylated de- 
rivative are easily soluble in water. 
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VI. Ovomucoid carbohydrate. (R= N-acetylglucosamine; M = d-manno- 
pyranose ; G = d-galactopyranose.) [Cf. ref. 106.] 


Ford & Peat (107) isolated a water-soluble polysaccharide from 
wheat grain, which is associated with B-amylase. It was demon- 
strated that when the polysaccharide is separated from the enzyme 
the former loses its amylolytic activity, and that the functional part 
of the amylase is protein in nature. The polysaccharide is made up 
entirely of /-arabinose, d-xylose and d-galactose. Hydrolysis of the 
methylated polysaccharide yields trimethyl-l-arabofuranose (6 moles), 
2,3-dimethylxylose (6 moles), 2-methylxylose (1 mole), xylose (1 
mole) and 2,4-dimethylgalactose (1 mole). The polysaccharide is 
branched and bears some resemblance to vegetable gums (78), al- 
though, unlike the latter, it contains no acid constituents. It is essen- 
tially a xylo-araban in which the pentose units are mutually combined 
by 1,2-, 1,3-, and 1,4-glycosidic linkages with the last two predomi- 
nating. The polysaccharide contains also a galactose residue attached 
at three points to other residues. 

Further progress has been made by Reeves & Goebel (108) in 
elucidating the structure of the capsular polysaccharide of pneumo- 
coccus type III. While it was previously established that this poly- 
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saccharide consists of 4-6-glucuronosidoglucose or cellobiuronic acid 
units, the position of the hydroxyl group involved in the intramolecular 
linkage of similar aldobionic units in the polysaccharide remained an 
open question. The nature of these linkages has now been elucidated 
by the methylation method. Reeves & Goebel submitted the fully 
methylated polysaccharide to reduction with hydrogen at high temper- 
ature and pressure with barium-copper chromite as a catalyst. The 
carbomethoxyl groups of the methylated glucuronic ester residues were 
thus reduced to primary alcohol groups, and the methylated polysac- 
charide then consisted of a chain of methylated glucose residues only. 
Hydrolysis of this methylated polysaccharide yielded 2,3,6-trimethyl- 
glucose and a dimethylglucose, originally derived from the glucuronic 
acid constituent, which proved to be 2,4-dimethylglucose. The identi- 
fication of this dimethyl derivative among the products of hydrolysis 
clearly shows that the cellobiuronic acid units in the polysaccharide 
are linked through positions 1 and 3. While only 1,3-glycosidic link- 
ages are known to occur in some glucose polysaccharides (2,3), it is 
of interest to note that in the pneumococcus carbohydrate of type III 
the linkages alternate between positions 1,3 and 1,4. The configura- 
tion between the cellobiuronic acid units, as in the aldobionic acid 
itself, is assumed to be of the B-type. The structure of this polysac- 
charide may be diagrammatically represented by Formula VII. 


4 1:3 1:4 is... s°% 1:3 1 
—G U G U G U— 


VII. Polysaccharide of pneumococcus type III. (G = d-glucose; U = d-glu- 
curonic acid.) 





A water-soluble polysaccharide possessing immunological prop- 
erties, which is produced by the fungus Coccidioides immitis (the 
causal agent of coccidioidomycosis in man and certain animals) was 
studied by Hassid, Baker & McCready (109). The polysaccharide was 
found to contain d-galacturonic acid, d-glucose, and some unidentified 
sugar in the approximate ratio of 1: 6:3, respectively. A nitrogenous 
compound, apparently other than protein, is associated with this poly- 
saccharide. 

McIntire et al. (110) showed that a water-soluble polysaccharide 
producing only d-glucose on hydrolysis is formed by the crown-gall 
organism, Phytomonas tumefaciens. An upward shift in rotation dur- 
ing hydrolysis of this polysaccharide implied a predominance of B- 
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linkages. The rate and the smooth curve of hydrolysis indicated that 
the glucose residues have a pyranose structure. Its molecular weight 
calculated from sedimentation velocity and diffusion constants was 
3600 + 200. 

The writer wishes to express thanks and appreciation to Mr. 
W. H. Dore for his helpful criticism of this review. 
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THE CHEMISTRY OF THE LIPIDS 


By J. B. Brown 


The Department of Physiological Chemistry, 
The Ohio State University, Columbus, Ohio 


The lipids, as recently defined by Bloor (1), include those groups 
of “naturally occurring substances consisting of the higher fatty acids, 
their naturally occurring compounds, and substances found naturally 
in chemical association with them.” In the last two volumes of the 
Annual Review of Biochemistry, the chemistry of the acyclic constitu- 
ents of the fats and oils (up to October, 1941) was reviewed by Hil- 
ditch (2), and the chemistry of the lipins by Thannhauser & Schmidt 
(3). The present article continues to report the progress of lipid re- 
search, excepting, however, certain classes of compounds usually re- 
garded as lipids, namely, the sterols and the fat-soluble vitamins and 
hormones, which are discussed elsewhere. Further, the limitations of 
space prohibit including a large amount of work on another group of 
lipids, the anti-oxidants. 

The most important publication of the past year related to this 
subject is a new book, The Biochemistry of the Fatty Acids and Their 
Compounds, the Lipids, by W. R. Bloor (1). This book together with 
Hilditch’s The Chemical Constitution of the Natural Fats, published 
in 1940 (4), and the Second Edition of Jamieson’s Vegetable Fats and 
Oils (5) affords an excellent coverage of this subject. The subjects 
of the six chapters of Bloor’s book, which describe the scope of its 
contents, are as follows: I. Chemistry, Descriptive and Analytical ; 
II. Digestion and Absorption; III. Lipids of the Blood; IV. Lipids 
in Tissue; V. Lipid Metabolism; VI. The Lipids of Secretions and 
Excretions. Extensive bibliographies are given at the end of each 
chapter and include literature up to about 1940. This book, coming 
as it does from an outstanding investigator in the field, is most wel- 
come. One of its important services, however, will be the challenge 
to further work, which will be the natural result of surveying the in- 
complete and usually conflicting state of our knowledge in most of 
the phases of lipid chemistry. 

The reader is also referred to the annual reviews on the chemistry 
of the fats and fatty acids, which appear usually in March and April 
of each year in Oil and Soap, the official journal of the American 
Oil Chemist’s Society (6). 
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METHODS OF EXAMINING THE Fatty AcIDS AND GLYCERIDES 


No important new methods of analysis of the fats and fatty acids 
have appeared. Interest has been directed to the modification and 
improvement of previously reported procedures, with special empha- 
sis on the separation of fatty compounds by chromatographic adsorp- 
tion. There have also been important developments in the application 
of spectroscopy to the analysis of lipid mixtures. 

An interesting double indicator method for the determination of 
the saponification number has been described by Rieman (7). The 
fat is saponified by an excess of alcoholic potash, phenolphthalein is 
added, and the solution is titrated with 0.5 N hydrochloric acid to 
the disappearance of indicator color. Bromophenol blue and benzol 
are then added and the solution is titrated with the acid to a green 
color which persists after shaking, this second volume of acid being 
used in the calculation. By this procedure the use of blanks is avoided. 
Good agreement is claimed with the standard method. 

Continued interest has been shown in procedures for the deter- 
mination of iodine numbers of fats and oils containing conjugated 
double bonds. For example, although Hanus solution in large excess 
measures the total unsaturation of dehydrated castor oil which con- 
tains conjugated octadecadienoic acids, it is unsuitable for other con- 
jugated oils and fatty acids. Von Mikusch & Frazier (8) showed that 
higher concentrations of iodine bromide, as in the Woburn solution, 
which is 0.32 N, give results representing total saturation in tung oil 
and in such fatty acids as 9,11-linoleic acid. They later proposed the 
use of total and partial iodine values as a method for indirect deter- 
mination of the diene value (9). The total iodine value is determined 
by the Woburn solution and the partial iodine value by the Wijs solu- 
tion. The following relation exists: total iodine value minus partial 
iodine value equals diene value. Norris & Buswell (10) described 
rapid methods (3 to 5 mins.) for determination of the iodine number 
in which mercuric acetate is added to the reagent, either Wijs or 
Hanus. With the rapid Hanus method, for example, excellent results 
were obtained on a number of unconjugated fats and oils, but thie 
method was unsatisfactory for castor oil. A modified Ellis-Jones 
maleic anhydride procedure has been described by McKinney, Hal- 
brook & Rose (11). Kaufmann e¢ al. (12) have shown that tetra- 
nitromethane in chloroform or carbon tetrachloride solution reacts 
with unsaturated fats and fatty acids to give a red color, which de- 
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velops in proportion to the iodine number. This reagent causes elaidin- 
ization in one to two days. 

Investigators in this field are employing increasingly the thiocyano- 
gen reaction in the analysis of fats and fatty acids. Kaufmann & Grosse- 
Oetringhaus (13) found that thiocyanogen is stable in benzol, toluol, 
pentachloroethane, and tetrachloroethylene, while it is unstable in 
methyl cyclohexane, nitrobenzol, and formic acid. Thiocyanogen val- 
ues were most reliable in glacial acetic acid. Several groups of in- 
vestigators have recently taken up the question of the true thiocyano- 
gen values of oleic, linoleic, and linolenic acids (14 to 17) with the 
general conclusion that the values are empirical. Riemenschneider, 
Swift & Sando (18) determined the thiocyanogen numbers of the 
methyl esters of these acids in 0.1 and 0.2 N reagent. As a result of 
their work they suggest the following values with 0.2 N reagent: oleic, 
89.4; linoleic, 96.8; and linolenic, 167.5. The latest contribution to 
this problem is by Painter & Nesbitt (19) who give an excellent dis- 
cussion of previous work and propose 89.9, 98.1, and 168.0 as the 
thiocyanogen values of the three acids, respectively. From simultane- 
ous equations based on these values, they found 39.4 to 59.1 per cent 
of linolenic acid in various linseed oils which they examined. 

Mitchell & Kraybill (20) found that bleaching of vegetable oils 
with fuller’s earth caused absorption bands to develop at 2680 A, 
3000 A and 3160 A. Only the first of these bands developed in oils 
containing acids with no greater unsaturation than linoleic acid, but 
when linolenic acid was present, the latter two bands developed, which 
fact indicates tetraene unsaturation. The total amount of absorptive 
material amounted to only 0.1 to 0.2 per cent, and was believed to 
be due to preliminary oxidation followed by dehydration. Mitchell, 
Kraybill & Zscheile (21) have developed a complete spectral analysis 
for fats. After isomerization by heating with alkali in glycol at 180°, 
the amounts of linoleic and linolenic acids are estimated by means of 
absorption spectra. Oleic acid is determined from the difference be- 
tween the iodine number of the original mixture and the calculated 
iodine number of the linoleic and linolenic acids in the mixture; finally, 
the saturated acids are calculated by subtracting the total content of 
unsaturated acids from 100 per cent. Results of analyses of synthetic 
mixtures of known composition were satisfactory. A comprehensive 
recent publication on infrared spectroscopy by Barnes, Liddel & Wil- 


liams (22) includes absorption curves of a number of fatty acids, 
esters, fats, and oils. 
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Chromatographic adsorption has been applied to the separation 
of fatty acids and glycerides. Kaufmann (23) passed a 1:1 mixture 
of myristic and stearic acids in ten parts of benzol over aluminum 
oxide; myristic acid alone appeared in the filtrate. Cassidy (24) de- 
scribed the separation of mixtures of lauric, myristic, palmitic, and 
stearic acids in petroleum ether by passing them over carbon. A dif- 
ference of two carbon atoms in the components of the mixture required 
about ten parts of carbon per part of mixture. Graff & Skau (25) 
separated mixtures of stearic and oleic acids and of stearic and myristic 
acids by passing them over a heavy magnesium oxide column impreg- 
nated with a suitable indicator. Colored chromatograms were pro- 
duced with phenol red as the dye. An interesting instance of adsorp- 
tion of palmitic acid dissolved in methyl alcohol by corn and potato 
starches is reported by Lehrman (26). The separation of trimyristin 
and tristearin can be accomplished by passing chloroform solutions of 
these fats over alumina or silica gel (27). Claesson (28) separated 
the glycerides of the higher saturated acids and oleic acid by passing 
ether solutions over active carbon, but the process was ineffective for 
free fatty acids. One of the most detailed chromatographic investiga- 
tions of a natural oil has been reported by Walker & Mills (29), who 
by repeatedly passing linseed oil in hexane over alumina columns, ob- 
tained six fractions of iodine number 117.7 to 246.5. The fraction 
of highest iodine number was calculated to contain 47.8 per cent trilin- 
olenin and 52.2 per cent linoleo-dilinolenin, and thus afforded proof 
of the presence of the above triglycerides in this oil. 

Swift, Rose & Jamieson (30) prepared methyl linoleate of 97.7 
per cent purity by passing the methyl esters of cottonseed oil in petro- 
leum ether over alumina. The operation was carried out in two steps; 
the first passage over the adsorbent resulted in a product of iodine 
number 159.5, and the second in the nearly pure ester. This finding 
is especially important in that it constitutes a second type of purely 
physical method for the preparation of this dienoic acid, the other 
being the method of low temperature crystallization. Fitelson (31) 
applied chromatographic adsorption to the determination of the squa- 
lene content of twenty-three fats. By passing the unsaponifiable frac- 
tion from these fats over a column of alumina, the squalene was con- 
centrated in the unadsorbed filtrate and was isolated as the hexahydro- 
chloride. The squalene contents ranged from 0 for cocoa butter to 
708 mg. per 100 gm. for olive oil. Moderately high values were shown 
for corn, peanut, and rice bran oils. 
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Schuette & Vogel (32) reviewed the role of solidification points 
of binary mixtures of fatty acids from Cy. to Cz, in the identification 
and analysis of mixtures. Application of this method to the margaric 
acid (C,;) of alfalfa seed oil showed it to be a mixture of palmitic 
and stearic acids. Schuette, Christenson & Vogel (33) synthesized 
the even carbon fatty acids from C., to Co and determined the solidi- 
fication point curves of the binary mixtures, C..—Co¢, Coo—Cox, and 
Css—Cgo. Solidification point (34) and refractive index (35) nomo- 
graphs have been published by Davis. Hoerr, Pool, & Ralston (36) 
observed the effect of water on the solidification points of the satu- 
rated fatty acids. For example, stearic and myristic acids containing 
1 per cent water showed depression of the solidification points of 
0.43° and 0.8° respectively. Solubilities of water in a number of the 
saturated fatty acids were determined. At 90° lauric acid dissolved 
2.85 per cent of water and at 92° stearic acid dissolved 1.02 per cent. 

A second bibliography on molecular distillation, including 190 
references, has been prepared by Todd (37). An improved distilla- 
tion apparatus for the efficient separation of small quantities of fatty 
acid esters has been described by Klenk & Schuwirth (38). Schu- 
wirth (39) devised a still, suitable for use at pressures of 10-* and 
10-* mm., with which he was able to demonstrate the presence of a 
hexadecenoic acid in the unsaturated fatty acids of the glycerol phos- 
phatides of human brain. 

The hydroxamic acid derivatives have been used by Inoue et al. 
(40) to separate the saturated and unsaturated acids of soybean oil. 
The hydroxamic acids are extracted with alcohol and other solvents. 
The acids of the insoluble and filtrate fractions gave iodine numbers 
of 12.9 and 149.5, respectively. By means of these derivatives it was 
claimed that pure linoleic and linolenic acids were prepared (41). 

Low temperature crystallization as a method for the separation of 
saturated and urisaturated acids, proposed by Brown & Stoner (42) 
in 1937, and adapted to the determination of the saturated acids of 
soybean oil by Earle & Milner (43), has been further employed for 
the determination of the saturated acids of a number of seed oils by 
Anthony, Quackenbush & Steenbock (44). The acids of the oil in 
question were separated into three fractions by crystallization from 
acetone at —40°: a saturated fraction of average iodine number 3.0, 
an intermediate fraction of iodine number 75, and a filtrate fraction. 
From the data, the content of saturated acids was calculated. Analyses 
of fifteen oils were reported, including values for the unsaturated acids 
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by the iodine-thiocyanogen equations. Cramer & Brown (45) have 
further developed the low temperature crystallization method in a 
study of the component fatty acids of human depot fat. The methyl 
esters of this fat were fractionated through an efficient column. The 
resultant main fractions were then separated into their component 
esters by crystallization procedures. A number of pure esters were 
thus prepared from this fat. Additional examples of the applications 
of the low temperature crystallization and ester fractionation proce- 
dures are to be found later in this review. 

Stetten & Grail (46) developed a method for microtitration of 
fatty acids, suitable for determining 8 to 20 mg. Apparatus was de- 
scribed for carrying out this titration, and, also, for microextraction 
of the original lipids. Estimation of plasma fatty acids is feasible with 
the method. 


Tue Fatty Acips 


The conversion of oleic acid to palmitic by heating with potassium 
hydroxide has been known for many years. Farmer (47) has shown 
that this reaction under strict control can be made to yield principally 
a mixture of octadecenoic acids with a shift of position of the double 
bond always toward the carboxyl group. Two unusual octadecenoic 
acids, with the double bond in the 16:17, and 17:18 positions, have 
been synthesized by Kapp & Knoll (48). The melting points of these 
acids are 62.8-63.5°, and 55.0-55.5°, respectively. By selective hy- 
drogenation of linoleic and linolenic acids, Bomer & Stather (49) ob- 
tained 10,11-octadecenoic acid which was separated from the resultant 
mixture of acids by fractional crystallization of the lead and magne- 
sium salts. The acid melted at 35°. 

Several important studies of the oxidation products of the mono- 
ethenoic acids have been reported. Kass & Radlove (50) described 
the preparation of ricinoleic and ricinelaidic acids. The properties of 
the trihydroxy acids prepared by oxidation of these unsaturated acids 
afforded further evidence for the cis structure for ricinoleic acid and 
the trans structure for ricinelaidic acid. King (51) showed that the 
naturally occurring dihydroxy stearic acid from castor oil is a 9,10- 
dihydroxy acid, melting at 141°, and, further, that it is one of the 
components of the racemic mixture of dihydroxy acids, melting at 
132°, usually obtained by oxidation of oleic acid. However, the op- 
tical activity of the stereoisomer was too feeble for accurate measure- 
ment. King (52), as a result of oxidizing oleic and elaidic acids with 
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hydrogen peroxide in acetic acid, concluded that fission of the oxygen 
ring, whether by hydrolysis or by union with acid, is accompanied 
by an inversion of configuration. Hilditch & Plimmer (53) investi- 
gated the oxidation products of the 9,10-hydroxyketostearic acids and 
found that increasing the excess of alkali present favored the forma- 
tion of the dihydroxystearic acid melting at 132°. Atherton & Hil- 
ditch (54), in studying the stereochemical relationships of the oxido- 
and dihydroxystearic acids, concluded that no inversion takes place 
during the conversions of oleic and elaidic acids into the dihydroxy 
acids with perbenzoic, peracetic, or Caro’s acids. A detailed study 
of the oxidation products of erucic and brassidic acids was made by 
Dorée & Pepper (55). They prepared pure erucic acid from rapeseed 
oil, and, by elaidinization, the trans isomer, brassidic acid. By oxida- 
tion of erucic acid with hydrogen peroxide in acetic acid at 100° a 
mixture of dihydroxybehenic acid, melting at 100°, and of oxidobras- 
sidic acid, (70.5°) was obtained. However, by use of hydrogen per- 
oxide in acetic acid plus osmium tetroxide or with alkaline permanga- 
nate, the dihydroxybehenic acid, melting at 132°, was the principal 
product. The oxidation products from brassidic acid were exactly the 
reverse with these reagents. 

Henderson & Young (56) measured the induction periods and 
oxygen absorption rates of a number of preparations of oleic acid. The 
induction period at 80° was about five hours and was little affected 
by varying the concentration of oxygen. Peroxide formation was the 
initial reaction. An empirical rate law was set up and verified for the 
early stages of the reaction. 

The ease of hydrogenation of the octadecenoic acids is affected by 
the position of the double bond. The least reactive is the 2,3-octa- 
decenoic acid, while the 3,4-, 6,7- and 9,10- acids are increasingly 
easily hydrogenated (57). 

Frankel & Brown (58) prepared a- and 6-linoleic acids by reduc- 
tion of the corresponding bromides with zinc in several solvents. Ether 
was found to be the best medium for the reduction reaction with re- 
sultant high yields and no ester formation, as is the case when an 
alcohol is used. The properties of the a and f acids were compared. 
It was concluded that the a-acid was composed mainly of cis,cis 9,12- 
octadecadienoic acid (linoleic acid), but also contained varying amounts 
of isomeric octadecadienoic acids, depending on the debromination 
conditions. The B-linoleic acid preparations were shown to contain 
15 to 53 per cent linoleic acid, 32 to 70 per cent of isomeric octadeca- 
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dienoic acids, and 2 to 6 per cent of conjugated material. Frankel, 
Stoneburner & Brown (59), employing the procedure described in 
1941 (60), have isolated pure linoleic acid by low temperature crystal- 
lization of the fatty acids of sesame, cottonseed, grapeseed, and poppy- 
seed oils. The preparations were adjudged to be pure on the basis 
of iodine number and melting point, both of which agreed with the 
values obtained for the specimen of highly purified linoleic acid pre- 
pared by Matthews et al. (61). The tetrabromide numbers of these 
specimens, however, were slightly lower than the value 102.9, which 
finding indicates the possible presence of very small amounts of iso- 
meric acids. This is the first time that linoleic acids have been pre- 
pared from these oils by physical methods alone. The fatty acids of 
olive oil yielded a linoleic acid preparation of low tetrabromide num- 
ber from which it was concluded that the linoleic acid of this oil is a 
mixture of octadecadienoic acids. 

By ozonolysis of ethyl linoleate, Arcus & Smedley-Maclean (62) 
obtained products which further confirm the 9,12 structure of lino- 
leic acid. Von Mikusch (63) has isolated a new isomer of linoleic 
acid from the reaction products of dehydrated castor oil and aque- 
ous sodium hydroxide. The 10,12-octadecadienoic acid, thus formed, 
melted at 57° and apparently arose from the reaction of the alkali on 
the linoleic acid in the original oil. 

Detailed directions for the preparation of linoleic acid from sun- 
flower seed oil (64), and of linolenic acid from linseed oil (65) have 
been given by McCutcheon. These acids were made by reduction of 
the corresponding bromides in absolute alcohol to give the ethyl esters, 
from which the acids were prepared by the usual procedures. 

A further confirmation of the structure of arachidonic acid, origi- 
nally proposed by Dolby, Nunn & Smedley-Maclean (66) as 5,8,11,14- 
eicosatetrenoic acid, and verified by Mowry et al. (67), has been re- 
ported by Arcus & Smedley-Maclean (62) who submitted a specimen 
of debromination arachidonic acid to disruptive oxidation. Their re- 
sults entirely support the proposed structure. It is clear from these 
several researches that this acid, whether prepared by debromination 
of the octabromide or by purely physical methods (68) is composed 
for the most part of the single isomer, as noted above, but it is likely 
that small amounts of contaminating isomers occur along with the 
predominating component which we call arachidonic acid. 

According to Mowry, Brode & Brown (67), hydrogenation of 
methyl arachidonate proceeds in two stages, a diethylenic product 
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being obtained as an intermediate; this consists of 5,14-eicosadienoate 
(80 per cent) and 8,14-eicosadienoate (20 per cent). 

Burr et al. (69) have continued their work on the effect of heat on 
unsaturated esters. A temperature of 150° for 24 hours produced no 
demonstrable effect on the unsaturated esters of cod liver oil, but at 
200° a detectable increase in absorption at 2350 and 2700 A occurred 
in six hours after which the absorption decreased ; this indicates a dis- 
appearance of absorbable material. Linseed oil esters and methyl 
linolenate were fairly resistant to rearrangement during fractional 
distillation; only two double bond conjugations appeared in linseed 
oil esters and three double bond conjugations in cod liver oil esters. 
These results are borne out further by the observation of Millican in 
this laboratory (70) that linseed oil esters can be fractionated suc- 
cessfully through an electrically heated column packed with glass- 
helices; no apparent alteration results, as evidenced by constancy of 
iodine number and the presence of little or no residue in the still pot. 
On the other hand, Ault et al. (71) have described the polymerization 
of esters of several of the octadecatrienoic acids at 275°. The two 
conjugated esters, the a- and b-eleostearates, polymerized faster than 
the two non-conjugated esters studied. Evidence was presented in 
support of the diene mechanism of polymerization, including proposed 
structures of a bicyclic trimer and a tricyclic bimer. Bradley & Richard- 
son (72) described the formation of highly conjugated systems by 
heating drying oils and their fatty acids at 225° with 37 to 50 per 
cent alkali. 

Tutiya (73) has assigned the formula, 9,11,13,15-octadecatetrenoic 
acid to the parinaric acid of the seed oil of Hosenka. Possible struc- 
tures for the hexadecatetrenoic and octadecatrienoic acids of sardine 
oil (74) were also suggested. The bromide of the latter acid melted 
at 215°. Confirmation of the presence of an isomer of linolenic acid 
in a fish oil will be awaited with interest. 

The preparation of several fatty acid monoesters of ascorbic acid 
and of d-isoascorbic acid was carried out by Swern, Stirton, Turer & 
Wells (75). Only the primary hydroxyl groups of the ascorbic acids 
were esterified in these compounds. 


CHEMISTRY OF THE GLYCERIDES. THE FATS AND OILS 


The reviews by Piskur (6), previously mentioned, include tables 
of general analytical data on the fats and oils and, in many instances, 
details of fatty acid composition. 
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Important information with a minimum of analytical effort is be- 
ing obtained on many fats and oils by application of the iodine-thio- 
cyanogen simultaneous equations, applied to the glycerides, the mixed 
fatty acids, or to the mixed methyl esters. With the recent modifica- 
tions of the original Kaufmann equations (see preceding section), it 
is possible to obtain satisfactory results on the content of saturated 
oleic, linoleic, and linolenic acids, or, to be more precise, the content 
of total saturated, monoethenoic, diethenoic, and triethenoic acids. No 
attempt has been made to use the method for more highly unsaturated 
acids. It is to be noted further that when acids of one, two, and more 
than two, double bonds are present, it is necessary to determine the 
amounts of saturated acids independently. 

In connection with the analysis of biological materials for total fat, 
increasing interest is being shown in the problem of attaining complete 
extraction. In studies of the determination of total fat in commercial 
feeds, Randle (76) and Schall & Thornton (77) have shown that pre- 
liminary hydrolysis by hydrochloric acid followed by petroleum ether 
extraction gives results considerably higher (20 per cent) than ex- 
traction by ether alone. Harrison (78) determined the efficiency of 
extraction of fish meal by a considerable series of fat solvents with the 
conclusion that “none of the solvents, or mixtures of solvents, or pro- 
cedures investigated gives values that can be considered entirely 
accurate measures of fat content.” Grossfeld (79) has suggested 
60 to 70° benzine as a suitable extractant. Schloemer & Rauch 
(80) determined the fat in milk by acid hydrolysis in the presence 
of carbon tetrachloride or trichloroethylene. Other phases of this 
problem, especially in relation to tissue lipo-proteins, are discussed 
later. 

While it is not within the scope of this review to cover the many 
published papers describing the advances in food technology included 
in the general subject of hydrogenation of fats, four of these papers 
will be mentioned. Vahlteich (81) has discussed the advances in hy- 
drogenation which are being applied to the development of quality in 
margarine, which of necessity is now coming into increased use in the 
American economy. Handschumaker, Thompson & McIntyre (82) 
have partially separated the glycerides of various hydrogenated fats 
by crystallization from acetone and ether, and have given some data 
on the constituent linoleins. By the use of iodine-thiocyanogen equa- 
tions, Andrews & Richardson (83) analyzed a large number of short- 
enings and other edible fats for their content of linoleic acid. Because 
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of the importance of their findings in nutrition, these are summarized 
in part in Table I. 


TABLE I 


PERCENTAGE OF LINOLEIC ACID IN EDIBLE FatTs* 





| Hydrogenated _| Mixed Ani- 











Samples Lard Butter oe | mal and 
| | 100% | <100% | Vegetable 
| | } | Fats 

Number of samples.| 27 | 41 | 57 60 31 | 11 

Re 13.7 | 4.8 | 23.4 | 22.4 | 38.2 | 26.2 
ESSEC anette C8 i 444i £3 ee 10.4 
PR iiaccccreenss 11.8 | 33 | 9.9 12.8 21.5 23.2 
OI kcscessen 11.7 | 3.3 10.9 12.6 22.0 20.6 





* From Andrews & Richardson (83). 


It should be noted that the linoleic acid values in Table I are total 
octadecadienoic acids. Butterfat, for example, has been repeatedly 
shown not to contain appreciable amounts of ordinary linoleic acid. 
Apparatus for the low temperature crystallization of glycerides was 
described by Bailey and co-workers (84). They obtained a product 
resembling olive oil by partial hydrogenation of peanut oil until its 
oleic/linoleic acid ratio was about 92 to 98, followed by partial crys- 
tallization at low temperatures. 

The various physical and chemical methods for investigation of 
the component glycerides in natural fats have been reviewed by 
Kaufmann & Kirsch (85). In addition to fractional crystallization, 
the chemical methods which they noted are reesterification, elaidin- 
ization, oxidation, hydrogenation, and bromination, and also the newer 
method of adsorption. 

Whale oil was fractionally crystallized by Hilditch & Maddison 
(86) by dissolving in acetone and cutting into four fractions at —10°, 
—20°, and —30° and filtrate. They concluded that over half the 
glycerides in the oil contained no acid higher than C,, and that one- 
third of the glycerides contained a Cz» or a C22 highly unsaturated acid. 
Baldwin & Parks (87) employed low temperature crystallization in 
the separation of the glycerides of menhaden oil into simplified frac- 
tions. One of their —60° filtrate fractions had an iodine number of 
268. However, as is the case with most natural fats, the even distri- 
bution of the fatty acids over the glyceride molecules prevents a wider 
range of separation. This is further borne out by the experience of 
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Bull & Wheeler (88), who were able to obtain 30 to 60 per cent 
yields of comparatively unsaturated glycerides of iodine number 
145 to 155 by crystallization of soybean oil from acetone at tem- 
peratures as low as —70°. On the other hand, by crystallization of 
the fatty acids themselves, they obtained fractions of iodine number 
up to 190. Solvent extraction of linseed oil, corn oil, cottonseed oil, 
and other oils with methanol was employed successfully by Kleinsmith 
& Kraybill (89) in the separation of unsaturated fractions of superior 
drying properties. 

Hilditch & Meara (90) have defined “the rule of even distribu- 
tion” as follows: 

1. If any individual acid (e.g., oleic) forms one-third or more of the total 
molecules of fatty acid present in the fat, that acid will occur once (or more than 
once) in nearly all the triglyceride molecules. 2. Any (minor component) acid 
which does not form more than about ten per cent of the total molecules of fatty 
acids will contribute only one acyl group to such triglyceride molecules as may 
contain it. 


They discussed in detail the computation of the mixed glycerides in 
natural fats from the fatty acid composition. The glyceride structure 
of butter fat as influenced by dietary fat was studied by Hilditch & 
Jasperson (91). For example, when peanut oil or peanut oil hydro- 
genated to iodine number 45 was fed, the proportions of oleo-glycer- 
ides were increased and the C, to Cio glycerides decreased. Other 
contributions to our knowledge of glyceride structure were made by 
Hilditch & Zaky (92) working with shorea robusta kernel fat and by 
Hilditch, Sime & Maddison (93) on the fat of kangaroo and Ceylon 
bear. In the latter paper several wild animal fats and two bird fats 
were examined for component fatty acids by ester fractionation. The 
kangaroo and bear fats were separated into fractions by crystalliza- 
tion before application of ester fractionation. 

Lovern (94) has reviewed the composition of the depot fats of 
wild animals. In a study of a considerable series of goat milk fats, 
Zeisset & Grossfeld (95) found no significant differences from dif- 
ferent breeds. 

Detailed fatty acid analyses, usually by the ester fractionation 
method, have been reported as follows: bone marrow of the reindeer, 
including results both by ester fractionation and by iodine-thiocyano- 
gen methods (96) ; avocado pulp oil (97) ; arrow wood (98) ; water- 
melon seed (99), 60.1 per cent linoleic acid; ragweed seed (100), 
69.8 per cent linoleic acid; Mexican prickly poppy seed (101), 58.6 
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per cent linoleic acid ; safflower oil (102), 61.0 per cent linoleic acid ; 
guanabana seed oil (103); and tropical almond (104). Analyses of 
five specimens of human depot fat, previously mentioned (45), gave 
the following range of results: lauric 0 to 0.9 per cent; myristic 2.6 
to 5.9; tetradecenoic, 0.2 to 0.6; palmitic, 24.0 to 25.7; hexa- 
decenoic, 5.0 to 7.6; stearic, 5.2 to 8.4; octadecenoic, 44.8 to 46.9; 
octadecadienoic, 8.2 to 11.0; arachidonic, 0.3 to 1.0; other Cy acids, 
0.3 to 2.2. Several of the fatty acids in human fat were prepared in 
a pure state by crystallization procedures for the first time. Evidence 
was presented for the occurrence of isomeric octadecenoic and octa- 
decadienoic acids, in addition to ordinary oleic and linoleic acids. 

In several investigations, important information on the component 
fatty acids has been obtained mainly by application of the iodine- 
thiocyanogen equations. These include the following: black bear 
(105) ; beef and pig bone marrow fat (106) ; lard and beef, veal and 
mutton tallows including contents of vaccenic (octadecenoic) acid 
amounting to 0.4 to 3.4 per cent (107); chicken and turkey fats 
(108), 20 per cent linoleic; also the following high linoleic acid oils: 
beechnut (109), 41.9 per cent linoleic; road thistle, Onopordon 
acanthum L (110), 64 per cent linoleic; rye embryo oil (111), 63.3 
per cent linoleic ; Bulgarian tobacco seed (112), 65.6 per cent linoleic ; 
apricot kernel oil (113) ; and Dutch night violet, Hesperis matronalia 
L (114). Eel fat is of especial interest because of its content of 
linolenic acid, 17.0 per cent (115). 

Painter & Nesbitt (116) have examined a large number of speci- 
mens of linseed oil, the contents of linolenic acid ranging from 30.4 
to 65.2 per cent. In general, most of their values are higher than those 
reported before the advent of the iodine-thiocyanogen equations. Rose 
& Jamieson (117) have worked out an interesting application of 
these equations to the analysis of the seed oil of Licania arborea (Mex- 
ican), an oil which resembles oiticica oil in its drying properties. 
This oil contains licanic acid, a highly unsaturated C,, keto acid. 
Suitable corrections were first made for that portion of the iodine and 
thiocyanogen numbers due to the licanic acid; then, the residual 
fatty acids, oleic, linoleic, and saturated, were calculated from cor- 
rected iodine-thiocyanogen equations. 

The occurrence of as much as 33 per cent of odd carbon fatty acids 
in the depot fats of rats and goats, fed on synthetic fats containing 
Cy to C,, fatty acids, was reported by Appel e¢ al. (118). 

Longenecker and co-workers (119, 120, 121) have described the 
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synthesis of a considerable series of glycerides, including B-mono- 
glycerides, unsymmetrical monooleo-disaturated triglycerides, and 
dioleo-monosaturated glycerides. The reported properties of these 
compounds should take precedence over previously reported values, 
where differences exist, because of the high purity of the fatty acids 
used, and because of the near infallibility of the methods of synthesis. 
This group of investigators has adopted the numeral system of nomen- 
clature in that they propose to thus designate the position of the 
fatty acid radical on the glycerol molecule as for example 1-stearyl-2,3- 
dicaprin. Arnold (122) described the preparation and properties of 
the a-lauroyl and a-caproyl esters of B-glycerophosphoric acid. 


THE PHOSPHATIDES 


Since last year’s review of the lipids (3) only a few contributions 
strictly related to the biochemistry of the phosphatides have appeared. 

Electrometric and conductivity methods for the determination of 
the phosphatides of brain tissue have been described by Epshtein 
(123). Marenzi & Cardini (124) determined the phospholipid dis- 
tribution in human blood plasma. Detailed analytical methods are 
given, the several fractions being resolved according to the following 
relationships : 

(a) total phospholipid minus choline phospholipid = cephalins 

(b) choline phospholipid minus sphingomyelin = lecithins 
Sphingomyelin was determined directly. Their results in mg. per 
cent follow: total phospholipid, 203.7; choline phospholipid, 159.7; 
lecithin, 126.7; cephalin, 42.7; sphingomyelin, 35.3; and choline, 
23.8. The calcium and serum protein binding powers of brain cephalin 
were investigated by Drinker & Zinsser (125), who found that in 
normal plasma 30 to 40 per cent of the bound calcium may be bound 
in non-diffusible form by the cephalin present. 

The discovery by Folch (126) in 1942 that brain cephalin is a 
mixture of phosphatidyl ethanolamine, inositol, and serine has been 
followed by the demonstration of serine in human brain phosphatides 
by Schuwirth (127). Serine was isolated in the free state by ex- 
traction of the barium hydroxide hydrolyzate with butyl alcohol and 
also by the formation of the B-naphthalene sulfonic acid derivative. 

Rewald (128) reported the lecithin and cephalin contents of the 
press cakes of peanuts, cottonseed, and flaxseed, and found nearly 
twice as much cephalin as lecithin. Thornton & Kraybill (129) ex- 
tracted the phosphatides of soybean oil by adsorption with aluminum 
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silicate. The P/N ratio was about 1, and there was more lecithin 
present than cephalin. Chromatographic adsorption was ineffective in 
separating these phosphatides. Woolley (130) isolated a new phos- 
phatide from soybeans to which the name lipositol was assigned. The 
hydrolysis products included inositol (16 per cent), galactose (15.5 
per cent), and d-tartaric acid (8.3 per cent). He concluded that 
lipositol must have been a mixture of three phosphatides on the basis 
of the fatty acid mixture which consisted of about half oleic acid and 
half saturated acids. The saturated acids consisted of a mixture of 
5 per cent cerebronic acid and 95 per cent of a 70 to 30 mixture of 
palmitic and stearic acids. 

Certain aspects of the chemistry of the phospholipids have been 
discussed by Chaikoff (131) in the course of a review of phospholipid 
metabolism as studied by use of the isotope P**. Chaikoff et al. (132) 
followed the phospholipid turn-over in dogs before and after injection 
with plasma of dogs previously treated with labelled radiophosphorus. 
Lorenz, Perlman & Chaikoff (133) found that radiophosphorus ad- 
ministered to laying hens appeared rapidly in the phospholipids of 
the yolk of the egg. 

Additional references to the phospholipids as related to other lipids 
are to be found in the next section. 


TIssuE Lipips, NORMAL AND PATHOLOGICAL 


As part of a program of studying the effect of dietary factors on 
tissue phospholipids, Artom & Fishman (134) have set up analytical 
procedures for the determination of total lipids and phospholipids in 
animal tissues. The procedure provides for the approximate evalua- 
tion of total lipids, non-choline and choline phospholipids, sphingo- 
myelins, non-phospholipid fatty acids, and unsaponifiable material in 
small samples of tissue. In rats raised to about 125 gm. on an ade- 
quate diet, total lipids, choline, and non-choline phospholipids of liver 
and muscle were remarkably constant when expressed on the basis of 
1 gm. of lipid-free tissue. Non-phospholipid fatty acids and unsaponi- 
fiable material were more variable. On diets containing 5, 10, and 30 
per cent of casein (135), there was a marked decrease in the choline 
phospholipids of the liver, and no change in the phospholipid compo- 
sition of muscle. On the 5 and 10 per cent casein diets neutral fat 
accumulated in both muscle and liver, but on 30 per cent casein this 
accumulation failed to appear. Supplementation of the diet with cho- 
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line, ethanolamine, and other substances did not restore the phospho- 
lipid composition of the liver (136). 

The occurrence of aldehyde lipids in tissues was reported by 
Feulgen & Behrens (137) in 1928. These aldehydes were liberated 
from the tissues by oxidation or hydrolysis and were called “‘plasmal.”’ 
Gomori (138), employing Bennett’s histochemical test, found large 
amounts of such lipids in adrenal cortex. Anchel & Waelsch (139) 
have developed methods for the isolation of tissue aldehydes, the re- 
agents being p-carboxyphenylhydrazine and carboxymethoxylamine. 
The lipid aldehydes of beef and rat muscle and brain were isolated in 
amounts corresponding to 0.05 to 0.2 per cent, and, from the chemi- 
cal analysis, were believed to be mainly stearyl and palmityl aldehydes. 
Mochel (140) tested the depot fats of the rat, cat, mouse, and man for 
the presence of aldehydes. The fats of the adult animal reacted nega- 
tively to the “plasmal reaction” (Schiff’s reagent). However, in fats 
deposited in very young or fetal animals, the reaction was positive ; 
also, during demobilization of depot fat in disease or starvation, it was 
positive in proportion to the rate of demobilization. 

The presence of lipoproteins in blood serum has been pointed out 
by Macheboeuf & Tayeau (141), who showed that, when sodium or 
potassium soaps are added to serum, lipids are set free, the fatty acids 
of the soaps replacing the lipids. The detached lipids are extractable 
with ether. In the presence of soap, ether extracts 80 to 90 per cent 
of the lipids. The extracted lipid is believed to have been combined 
with the globulin fraction, and the unextractable lipid with the albu- 
min. McFarlane (142) observed that the lipids of serum frozen be- 
low —25° can be extracted with ether. Since the B-globulin fraction 
(by electrophoresis) is lowered by this treatment, it is assumed that 
the lipid was combined with this globulin. The association between 
the protein and the lipid was thus destroyed by freezing. 

Brickner (143), employing his orcinol reaction (144), found 14.2 
to 24.4 mg. per cent of cerebrosides in human whole blood, all these 
being found in the red cells. Thomas (145) has noted a remarkable 
hyperlipemia in a nephrotic case (four and a half year old child) in 
which the total lipids amounted to 6.6 gm. and total cholesterol to 
2.0 gm. per 100 cc. of blood. Peters & Man (146) reported the varia- 
tions in the serum lipids of man under normal conditions and in thy- 
roid (147) and kidney (148) disease. 

The relative amounts of saturated and unsaturated fatty acids in 
the lipids of the liver, as affected by various food fats, were reported 
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by Channon et al. (149). On high fat diets, low in choline, fatty infiltra- 
tion is related to the proportion of C,, to Cis saturated fatty acids. 
The distribution of elaidic acid in the liver and carcass demonstrated 
a normal fatty acid metabolism of this acid when it is included in the 
diet. Chaikoff et al. (150) followed the formation of phospholipid in 
the hepatectomized dog with P**. Radiophosphorus was injected into 
normal and hepatectomized dogs and the recovery as phospholipid 
P*? was compared. Excision of the liver reduced the recovery of P** 
in plasma, which suggests that plasma phospholipid is formed in the 
liver. On the other hand, labelled phospholipid of the kidney and in- 
testine was not affected by liver removal. 

The half-life periods of liver and depot fatty acids in normal mice 
were found to be from 2.6 to 2.8 days and from 5 to 6 days, respec- 
tively (151). However, Salcedo & Stetten (152) found that in the 
obese mouse the half-life period of the depot fatty acids was much 
longer, suggesting that in obesity there is a restriction in the rate of 
fatty acid oxidation. 

Artom & Swanson (153) fed rats on the ethyl esters of various 
dibromo fatty acids. The highest degree of liver infiltration occurred 
when 9,10-dibromostearic acid was fed. Infiltration decreased in the 
following order with 13,14-dibromobehenate, 6,7-stearate, and 2,3- 
stearate. In each instance, a great deal of bromine was removed from 
the fatty acid before deposition. 

An enzyme system has been prepared from pig liver which oxidizes 
saturated fatty acids of less than nine carbon atoms (154). Higher 
fatty acids are not oxidized by this system. 

The lipids of the human brain were investigated as to variations 
with age and sex (155). Thus Weil & Liebert found that the cephalin 
fraction in both gray and white matter increases with age at the ex- 
pense of the other lipid fractions. Adult female brain contains more 
cephalin than male brain, while the latter is relatively richer in the 
lecithins, galactolipids, and sphingomyelins. The lecithin and cephalin 
fractions of the female brain are richer in phosphorus than those of 
the male brain. Schuwirth (156) reported the following analysis of 
human spinal cord : water, 75 per cent ; fatty substance and cholesterol, 
14.8 to 19.7 per cent of the dry matter; ether-soluble glycerol phos- 
phatides, 19.1 to 29.5; sphingomyelin, 2.6 to 2.8; cerebrosides, 5.1 
to 6.2; and gangliosides, 0.0 to 0.03 gm. per 100 gm. dry substance. 

Broda (157) found that visual purple solutions of the retina con- 
tain amounts of phospholipid comparable to the protein present, and 
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suggested the occurrence of a lipid-globulin. Reiser (158) analyzed 
the intestinal mucosa of swine during fasting and after a high fat meal 
(cottonseed oil). Phospholipid, ester and total cholesterol, fatty acids, 
and fat were determined. The only value to change after the fat meal 
was the free fatty acid content which almost doubled in from two to 
five hours. The implications of this finding on the mechanism of fat 
absorption were discussed. 

The phospholipid-free fat from atheromatous intimal tissue (159) 
of the aorta gave after saponification, the following percentages of 
fatty acids: stearic, 2.9; palmitic, 14.6; oleic, 65.2; linoleic, 9.4; 
and arachidonic, 2.1. The role of lipids in atherosclerosis has been 
reviewed by Hirsch & Weinhouse (160). They conclude that these 
pathological lipids constitute a non-selective deposition of plasma 
lipids. 

In anemia the total bone marrow lipid of cats decreases by half at 
the expense of neutral fat (161). Free fatty acid, phospholipid, and 
cholesterol increase under this condition. 

Detailed fatty acid analyses by the ester fractionation method of 
the total carcass fatty acids of three groups of rats were made by 
Visscher & Corley (162): (a) low fat diet; (b) low fat diet plus 5 
per cent palmitic acid; (c) same as (b) plus linoleic acid supplement. 
No great differences were shown for the three groups. The results 
on the low fat control diet were as follows, expressed in moles per 
cent: lauric, 0.1; myristic, 2.6; palmitic, 29.0; stearic, 4.0; tetra- 
decenoic, 0.5; hexadecenoic, 13.3; octadecenoic, 49.0; linoleic, 0.1; 
and C,, unsaturated, 1.3. On diets (b) and (c) the values for linoleic 
acid were 0.7 and 1.4 moles per cent respectively. 

Anderson and co-workers (163) examined the lipids of human 
lung tissue for phthiocol and tuberculostearic and phthioic acids and 
found none of these substances present, although, when they were in- 
corporated in the tissue in vitro, they were detectable. They concluded, 
therefore, that these substances are not destroyed by the tissue. An- 
derson (164) has reviewed his extensive researches on the lipids of 
the tubercle bacillus. He concludes in part: 

The lipids of the acid-fast bacilli are built on an entirely different pattern from 
the lipids occurring in ordinary plant and animal material. They also contain 
new and specific chemical compounds, such as fatty acids, higher aicohols, and 
carbohydrates. The fats are not glycerides but fatty acid esters of the disaccha- 
ride trehalose. The phosphatides are combined with a carbohydrate which con- 
tains phosphorus and which yields mannose and inositol on hydrolysis. The 
waxes are mixtures consisting mainly of fatty acid esters of carbohydrates, but 
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some true waxes and small amounts of glycerides are present in some of the wax 
fractions. The waxes contain certain characteristic higher alcohols. All of the 


wax fractions contain optically active hydroxy acids of high molecular weight, 
the mycolic acids. 


During fertilization of sea-urchin eggs, there is a decrease of 17 
per cent in phosphatide content and of 25 per cent in free cholesterol 
(165). 

The muscle of rats on a vitamin-E deficient diet (166) contained 
more cholesterol and somewhat less total lipid. In this condition the 
free cholesterol of the brain was increased. While in the normal rat 
brain, the ester cholesterol is 35 per cent of the total, in the vitamin-E 
deficient animal this value falls to 5 per cent of the total. 

One of the most comprehensive of recent investigations on tissue 
lipids is by Kaucher et al. (167) who have compared the patterns of 
the lipid constituents of beef organs and muscles, of muscles of other 
animals, and of avian and reptilian eggs. Their data include values 
for phospholipid, cerebroside, free and ester cholesterol, neutral fat, 


total lipid, and “essential lipid,” this last value being total lipid minus 
neutral fat. 


The essential lipid concentration of the various tissues is related to the extent 
and variety of their physiological activities and confirms a similar relationship 
previously demonstrated for the phospholipids, which comprise the largest frac- 
tion of the essential lipid in all the tissues studied. 


Cerebroside concentration was unexpectedly high in cardiac and skele- 
tal muscles. 
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THE CHEMISTRY OF THE PROTEINS 
AND AMINO ACIDS 


By Hans NEuRATH AND JESSE P. GREENSTEIN 


Department of Biochemistry, School of Medicine, 
Duke University, Durham, North Carolina, and 
National Cancer Institute, National Institute of Health, 
United States Public Health Service, 
Bethesda, Maryland 


The present review attempts to evaluate those recent contributions 
to protein chemistry which bear on the problem of the structure of the 
intact protein molecule. Starting with consideration of the preparation 
and identification of purified proteins, evidence for the chemical com- 
position is discussed in the light of methods of hydrolysis of proteins 
and of the determination and isolation of amino acid constituents. A 
hypothetical resynthesis of the protein molecule from the degradation 
products is reflected in the section dealing with the amino acid dis- 
tribution within the native protein while the section on size, shape, and 
electrochemical properties deals with the intact protein in solution. 
Considerations of internal structure are subordinated to the limited 
experimental evidence available to date in support of several stimu- 
lating hypotheses. The topic of denaturation has been considered only 
to the extent to which it supplements a recent review on this sub- 
ject (1). 

The past two years have witnessed the publication of several mono- 
graphs dealing with more or less specialized aspects of protein chemis- 
try. Of these, the widest in scope is an addendum to Schmidt's Chem- 
istry of Amino Acids and Proteins (2) which brings the first edition 
up to date. The electrophoresis of proteins has been reviewed by 
Abramson, Moyer & Gorin (3). Certain aspects of the physical chem- 
istry of proteins have been considered in great detail in a monograph 
by Cohn, Edsall, and co-workers (4). A textbook on Physical Bio- 
chemistry by Bull (5) deals with several fundamental problems in the 
field, important for advanced students and research workers alike. 

As far as fundamental investigations are concerned, the past year 
has been rather lean. Attention has been focused primarily on the 
application of well established methods to more or less practical prob- 
lems, particularly in the fields of immunochemistry (6, 7) and medical 
research in general. Despite their importance, they can not be con- 
sidered here. The reviewers have been guided in the selection of papers 
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by the general theme of protein structure and even within this limita- 
tion, they have felt free to omit references that did not appear to be 
relevant to the ideas they wished to express. 


PREPARATION AND IDENTIFICATION OF PROTEINS 


During the past two years, a large part of the published work in 
this field has been devoted to the preparation of proteins possessing 
unique and specific biological properties, i.e., enzymes, hormones, 
viruses, and immune bodies. Although notable advances have been 
made in the isolation of these specific proteins in relatively pure form, 
the methods used possess by this time little novelty. The time-honored 
use of ammonium sulfate, of alcohol or acetone, and of isoelectric pre- 
cipitation or separation, by centrifugation and electrophoresis respec- 
tively, still remain the chief tools of the protein chemist. The particu- 
lar case of the preparation of the serum proteins has been adequately 
considered in Volume XII of the Annual Review of Biochemistry and 
will not be discussed in this section except to note that preliminary 
studies have been made on the use of detergents as precipitants for 
the separation of these and other proteins (8, 9). 


ENZYMES 


M yokinase. — This acid-stable protein, which occurs in skeletal 
muscle, has been purified by fractionation with strong acids (10). 
The enzymatic properties are preserved in remarkable fashion even 
after the protein has been heated with strong hydrochloric acid at 
90° C. The enzyme catalyzes the reversible reaction between adeno- 
sinediphosphate on the one side and adenosinetriphosphate and 
adenylic acid on the other. The enzymatic properties are diminished 
by treatment with hydrogen peroxide but are fully restored by addition 
of sulfhydryl compounds. 

Phosphorylase. — This enzyme, which catalyzes the reaction be- 
tween glycogen, inorganic phosphate, and glucose-1-phosphate, has 
been obtained as a crystalline protein from rabbit muscle, and its cata- 
lytic properties have been extensively studied (11 to 14). The method 
of obtaining the specific protein consists essentially in an ammonium 
sulfate precipitation of the dialyzed muscle extract from which some 
protein had been earlier removed at pH 5.8; the precipitated protein 
is dialyzed in the cold against a cysteine-glycerophosphate buffer at 
pH 6.8. The protein crystals possess the properties of a euglobulin, 
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and have a molecular weight of about 400,000. The protein contains 
a prosthetic group of which adenylic acid is at least one component ; 
the latter may be removed by an enzyme present in muscle (in the 
protein fraction removed at pH 5.8). Addition of adenylic acid to 
the protein component restores the enzymatic activity. An inter- 
esting point in the preparation of the crystalline material is the nec- 
essary presence of cysteine as a solubility factor. 

“Pseudo” cholinesterase—An albumin has been isolated from the 
pancreas which catalyzes the hydrolysis not only of choline esters 
but of a wide variety of fatty acid esters as well; it is obtained from 
this tissue by a series of ammonium sulfate precipitations interspersed 
by an adsorption on infusorial earth (15). 

Zymohexase.— This enzyme which catalyzes the splitting at a 
carbon-carbon bond of hexoses into trioses (16) has been obtained 
as a crystalline protein by successive fractionations with ammonium 
sulfate of an acetone-precipitate of rat muscle extract. From the 
collected skeletal muscle tissue of twenty to thirty rats, about one 
gram of the crystals is obtained. 

“Fermentation enzyme.” — Practically identical crystalline pro- 
teins have been isolated respectively from rat muscle and from the 
Jensen rat sarcoma, which catalyze the reaction between pyruvic acid 
and dihydropyridine nucleotide on the one side and lactic acid and 
oxidized pyridine nucleotide on the other (17). 

There are some interesting features in the preparation of this 
protein, namely (a) the use of yeast nucleic acid as a precipitating 
agent and the removal of the nucleic acid in a subsequent step with 
protamine, and (b) the final isolation of the protein as a crystalline 
mercury salt from an ammoniacal ammonium sulfate buffer. The 
crystalline mercury-protein is catalytically inactive but may be ren- 
dered completely active by dialysis against a potassium cyanide solu- 
tion; the reaction is reversible. In this connection the recent study 
of mercury complexes of the proteins is of some interest (18). 

Invertase—Methods have been described for the purification of 
this enzyme from brewers’ and bakers’ yeast, involving (a) bentonite 
as an adsorbent, ()) precipitation with specific acids of high anion 
binding capacity (such as picric, picrolonic, flavianic, and nucleic 
acids), and (c) salting-out with ammonium sulfate (19). Five highly 
purified invertase preparations have been compared in their catalytic 
behavior toward twenty-eight different carbohydrate substrates (20). 

Cytochrome oxidase-—Improvements in the method of prepara- 
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tion have been made by (a) thorough mechanical destruction of the 
tissue, and (b) exposing the enzyme suspension to ultrasonic radi- 
ation and subsequent high speed centrifugation, both operations in- 
creasing the yield of a soluble enzyme preparation of high specific 
activity (21). 

T yrosinase—Further purification of this enzyme has been accom- 
plished by fractional precipitation with ammonium sulfate (22). 


HORMONES 


The protein hormones have been reviewed in Volume XII of the 
Annual Review of Biochemistry and elsewhere (22a), and only the 
more recent developments, insofar as they illustrate clear-cut or un- 
usual protein methods, need be mentioned here. 

Prolactin and other pituitary hormone fractions have been sepa- 
rated by a new procedure involving preliminary shaking of the macer- 
ated pituitary tissues with chloroform. On centrifugation, three liquid 
layers are obtained (23): the bottom layer contains mostly lipid, the 
central layer is a chloroform-water gel containing most of the tissue 
proteins plus prolactin and the adrenotropic hormones, while the top 
layer is a clear aqueous solution of the gonadotropic hormones, thyro- 
tropin, pituitrin, etc. Prolactin is removed from the gel by acid- 
methanol. The latter procedure is based on the discovery that this 
hormone is soluble at pH 1 to 4.7 in 99.8 per cent methanol or in 
95 per cent ethanol (24). To what extent the presence of adventi- 
tious impurities is responsible for the alcohol solubility of this as well 
as the other pituitary proteins (24) is not clear. 

The preparation, purification, and study of the properties of the 
pituitary protein responsible for the adrenotropic effect of the gland 
have been announced independently by two laboratories with entirely 
concordant findings (25, 26). Both groups describe the protein as 
homogeneous, as lacking in sulfhydryl groups, of molecular weight 
about 20,000, and with an isoelectric point of 4.7. The hormone pro- 
tein is apparently stable at 100° C. at pH 7.5 (26). Methods for the 
isolation and purification of intermedin, a hormone arising from the 
intermediate lobe of the pituitary gland, have been described (27). 
The stability of the active principle toward the rather drastic treat- 
ments involved, as well as its ready dialysis through cellophane mem- 
brane, suggest intermedin to be a polypeptide rather than a protein. 

Chromatographic adsorption on permutit and elution with alco- 
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holic ammonium acetate have been employed for the preparation and 
purification of chorionic gonadotropin of pregnancy urine (28). 

Purification of the growth hormone of the anterior pituitary has 
been effected by a method of isoelectric precipitation of the active 
globulin after reduction of the latter with cysteine (29). 


FERRITIN 


An interesting series of studies on this unusual protein (30) has 
been reported during the past year (31 to 36). The protein may be 
obtained as a crystalline cadmium salt, containing over 20 per cent 
of iron, and inhomogeneous as to size although homogeneous electro- 
phoretically. The iron may be removed completely from the protein 
by reducing the former to the ferrous state and by subsequent dialysis 
in the presence of bipyridine (apoferritin). The regeneration of fer- 
ritin can be accomplished only by mixing apoferritin with the brown 
mother liquor remaining after crystallization of the ferritin, for the 
iron in ferritin consists of micelles of colloidal ferric hydroxide of 
unusual magnetic state. Ferric iron may possess 1, 3, or 5 unpaired 
electrons in the outer shell; in ferritin (33), and possibly in ferric 
hemoglobin (37), in ferric cytochrome-c (38), and perhaps even in 
catalase (39), the number of such unpaired electrons is 3. The animal 
body appears capable of converting ordinary ferric iron of 5 unpaired 
electrons (as in ferric ammonium citrate) to the 3 electron form (33). 
X-ray powder diagrams of ferritin and of apoferritin show nearly 
identical structures, suggesting that the inherent structure of the pro- 


tein is little affected by the presence or absence of the relatively large 
amount of iron (34). 


PROTEIN HYDROLYSIS 


The effectiveness of any hydrolytic agent can be measured in 
general terms by (a) the relative amount of amino nitrogen liberated 
(40, 41), (b) the relative amount of carbon dioxide liberated by 
ninhydrin (40), (c) the titer of alkali in the presence of formalde- 
hyde (42), (d) the relative amount of ammonia liberated (41, 42), 
and (¢) the increase in non-precipitable nitrogen by the use of protein 
precipitating agents (42). 

For any given protein, the rate of protein hydrolysis by boiling 
with concentrated, completely dissociated acids is largely independent 
of the nature of the anion of the acid (42). At lower temperatures 
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and level of acidity (i.e., 65 to 75° C. and 0.05 M), the nature of 
the anion becomes of considerable importance, and the effectiveness 
of any member of a group of totally dissociated acids, all at the same 
concentration and pH, tends to parallel the affinity of its anion for 
the protein (42). Under these conditions, for example, cetylsulfonic 
acid is about 100 times more effective in hydrolyzing amide bonds 
than is hydrochloric acid. Thus the anion functions catalytically, and 
is concerned with “promoting the combination of hydrogen ions with 
these weakly basic groups [amide and peptide] ... .” (42). The 
concept that the anion of the effective acid combines with the pro- 
tein is supported by the stoichiometric correspondence between the 
amounts of anion which suffice to give the maximum rate of hydrolysis 
and the number of basic groups in the protein. The catalytic function 
of the anion decreases with increasing acidity and temperature, and 
hence under the usual procedures of hydrolyzing proteins, the effect 
of the anions becomes negligible. These important experiments, while 
of little immediate practical value, are of interest because they suggest 
the possible mechanisms underlying the action of the proteolytic en- 
zymes. The concept that the enzymes function by first combining with 
their substrates is long familiar. 

Proteins may also be partially hydrolyzed under submaximal con- 
ditions, i.e., with acids at low temperatures (40, 46), or with crystal- 
line or purified enzymes known to halt their activity at certain stages 
(47, 48). The intermediate split products of digestion, if not greater 
than tetrapeptides in size, may be characterized by the relative ratio 
of increase in carbon dioxide by ninhydrin to increase in amino nitro- 
gen, after complete hydrolysis of the products ; the ratios are 2 for the 
dipeptides, 1.5 for the tripeptides, and 1.33 for the tetrapeptides 
(40). The presence of proline and hydroxyproline obviously inter- 
feres with this kind of analysis. Treatment of wool and of edestin 
with concentrated hydrochloric acid at 37° C. for six days yielded 
largely a mixture of tripeptides (40). The possibility of the forma- 
tion of artefacts cannot, however, be overlooked in all procedures 
of partial hydrolysis. 

Certain of the keratins, because of their insolubility, are hydro- 
lyzed with difficulty, and hence some kind of dispersion medium must 
be employed. The preliminary cleavage of the disulfide bonds in the 
keratin has appeared to be a necessary condition for such dispersion, 


1 The physical combination of the anions of the long, hydrocarbon chain type 
with proteins has been demonstrated by many investigators (8, 9, 43, 44, 45). 
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and the employment of such reducing agents as thioglycollate has 
been found to be useful (49, 50). The reduced protein, however, is 
soluble only in alkali, a circumstance not generally favorable because 
of the secondary reactions which alkali may bring about (50). Re- 
duction and dispersion may nevertheless be simultaneously effected 
by employing neutral thioglycollate as the reducing agent and various 
denaturing agents, of which guanidine hydrochloride is the most 
effective, as the dispersing agent (50a). No dispersion occurs in 
the absence of the reducing agent. The use of the denaturants per- 
mits dispersion in neutral solutions. Detergents combine with the 
keratins (50a) as well as with many other types of protein (see foot- 
note 1), and the secondary reactions of which they are apparently 
capable (42) must be closely observed. 


ISOLATION AND DETERMINATION OF AMINO ACIDS 
THE HypDROLYZED PROTEIN 


For purposes of quantitative estimation, the amino acids have been 
generally divided into three categories depending upon their essential 
electrochemical structure, namely (a) the hexone bases, (b) the dicar- 
boxylic acids, and (c) the monoamino monocarboxylic acids. The 
separation of these three classes has been accomplished by various 
procedures, of which the most successful have been for the hexone 
bases the use of phosphotungstic acid as a precipitant (51, 52), elec- 
trolytic transport in solutions of defined pH (53, 54), and the use of 
permutit (55), activated fuller’s earth (56), alumina (57), and resins 
(58) as selective adsorbents. Although chromatographic analysis has 
been recently proposed (59), the best method for separating the dicar- 
boxylic acid fraction is still the Foreman procedure whereby insoluble 
calcium salts of these acids are formed in dilute alcohol (60, 61). This 
procedure has been the subject of highly searching investigations (60, 
61), to some extent as a result of the curious claims of Kégl e¢ al., 
relative to the presence of d-glutamic acid in tumors (62). Significant 
improvements in the Foreman method with resulting higher yields of 
the dicarboxylic acids have been obtained by the removal of cystine as 
the cuprous mercaptide from the hydrolysate prior to the addition of 
lime, and by the reworking of the lime-ethanol filtrates (61). Failure 
to remove the cystine before addition of the alkaline lime results in 
partial dismutation of the cystine to form insoluble calcium salts which 
interfere with the subsequent determination of aspartic acid. The ele- 
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gant procedure of Chibnall et al. (61) may be briefly summarized as 
follows: first, the separation from the hydrolysate of cystine as the 
cuprous mercaptide, second, the precipitation of the dicarboxylic acids 
by the Foreman procedure, and third the precipitation of the hexone 
bases as the phosphotungstic acid complexes; these procedures, per- 
formed consecutively, leave only the monoamino monocarboxylic acids 
in the final filtrate. 

In the case of the hexone bases, histidine, arginine, and lysine have 
been separately estimated by electrolytic transport in solvents of dif- 
ferent pH (54), by differential treatment with alkali and nitrous acid 
(51), and by the differential solubility of their silver salts at various 
pH values (63). The last-mentioned, classical Kossel procedure, care- 
fully improved by Vickery (64, 65), is the most accurate. For abso- 
lute identification, histidine may be isolated as the nitranilic acid (66) 
and 3,4-dichlorobenzenesulfonic acid (65) complexes, or else colori- 
metrically estimated (66, 67) ; arginine has been isolated as the flavi- 
anic acid complex (65, 68), or else estimated colorimetrically by the 
Sakaguchi reagent (67, 69) ; while lysine has been quantitatively iso- 
lated from the residual filtrates as the picrate salt (64). 

The separate estimation of each of the known monoamino mono- 
carboxylic acids still remains the great problem of protein analysis. 
Certain of the amino acids of this category can be estimated with some 
ease ; these are the acids which contain, in addition to the a-amino and 
a-carboxyl groups, yet a third polar or chemically-reactive group, i.e., 
serine, threonine, cystine, cysteine, methionine, tyrosine, phenylala- 
nine, and tryptophane. Specific tests for these groups have been de- 
veloped, so specific indeed that they may be employed directly on the 
hydrolysate without interference from members of the other two classes 
of amino acids. Serine and threonine, when treated with periodate, 
yield formaldehyde and acetaldehyde quantitatively (70, 71, 72). The 
sum of these two acids comes very close to accounting for all of the 
hydroxyamino acids in those proteins in which the presence of rela- 
tively large amounts of B-hydroxyglutamic acid was earlier reported 
(73). Considerable doubt is therefore cast on the probability that the 
last-mentioned acid occurs at all in proteins, a doubt amplified by the 
finding that the “hydroxyglutamic acid fraction” may consist of ap- 
preciable quantities of dismutation products of cystine together with 
aspartic acid (60). Cystine plus cysteine may be estimated as the 
precipitated cuprous mercaptide (74), by the highly specific reaction 
of Sullivan (75), by the less specific colorimetric reaction of Folin 
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(76), by the iodometric procedures of Baernstein (77) and of Okuda 
(78), by the colorimetric method of Vassel (79, 80), and by a polaro- 
graphic technique (81). The separate estimation of cystine and of 
cysteine by an ingenious method utilizing the different reducing ca- 
pacities of cyanide and of sodium amalgam has been recently reported 
(82) and represents the first unequivocal proof that these amino acids 
may coexist within a protein; this finding will be discussed further 
below. Methionine has been estimated iodometrically (83, 84), colori- 
metrically (85, 86), and gravimetrically (87). Tyrosine has been esti- 
mated colorimetrically by the Folin (88) and Lugg (89) technique, 
tryptophane by the excellent Lugg method (89) and by two recent 
micro-colorimetric procedures (90, 91). 

The remainder of the amino acids in this group, the acids with only 
hydrogen or non-polar hydrocarbon chains attached to them, are esti- 
mated only with great difficulty and to date with relatively little accu- 
racy. The physical properties of these acids, glycine, proline, alanine, 
and the isomeric valines and leucines, overlap too much to effect ready 
physical separations while the side chains offer no opportunity for 
specific chemical reaction with added reagents. 

The current interest in protein composition both from the theo- 
retical and practical points of view has led to the development of four 
quite different techniques, designed for the separation and estimation 
not only of the unreactive monoamino monocarboxylic acids but of the 
polar acids as well. These are (a) the solubility method, (b) the 
chromatographic method, (c) the microbiological method, and (d) the 
isotopic dilution method. All four of these methods are at the time of 
writing in the developmental stages, but taken together they appear 
highly promising for the eventual solution of this difficult analytical 
problem. 

(a) The solubility method.—This technique is applicable to the esti- 
mation of any substance possessing acid or basic groups which form 
sparingly soluble, dissociable salts (92, 93). The method requires the 
measurement of the solubility of a given solid phase in two aliquots of 
the solution under analysis. The solid phases are produced by the addi- 
tion of unequal amounts of a reagent to equal aliquots which produces 
the precipitation of a sparingly soluble, binary salt of a specific amino 
acid. If the solubility products of the salts in each aliquot are equal, 
the solubility relations need only be equated to solve for the unknown 
concentration of amino acid studied. The method has been employed 
for the estimation of leucine and of glycine, employing as reagent for 
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the former 2-bromotoluene-5-sulfonic acid, and for the latter 5-nitro- 
naphthalene-1-sulfonic acid. 

(6) The chromatographic method.—Although this technique has 
frequently been employed with permutit, alumina, and various resins 
for the separation of either the hexone bases or the dicarboxylic acids 
from the remainder of the hydrolysate, the application to the mono- 
amino monocarboxylic acid fraction is quite recent. For the latter class 
of acids, charcoal has been chiefly employed (94, 95, 96). The adsorp- 
tion on this material is roughly parallel with the length of the side 
chain. The column may be developed by water, whereby considerable 
differences between the neutral and the aromatic amino acids appear 
(95, 96), the former being the more readily eluted. The fraction con- 
taining the neutral amino acids may then be run through an alumina 
column previously treated with formaldehyde (95). Glycine and serine 
are adsorbed and thus separated from the non-adsorbed alanine, pro- 
line, and isomeric leucines. 

Ingenious methods have been developed along this general line 
whereby separation of the acetylated amino acids is accomplished by 
differences in partition between two liquid phases of the substances to 
be separated, one of the liquid phases being held substantially sta- 
tionary (97, 98). One of the liquid phases is water, saturated on a 
solid silica gel which supports it, and containing an indicator dye. The 
other phase which contains the acetylated amino acids is composed of 
various non-aqueous solvents or mixtures thereof, and flows over the 
aqueous silica gel. The position of the acids is revealed by the change 
in color of the acid-base indicator. Subsequent wash-fluids of non- 
aqueous solvents develop the bands. Alanine and glycine are strongly 
“adsorbed” at the top of the column as slow-moving bands. Separa- 
tions have been effected for phenylalanine, the isomeric leucines, the 
isomeric valines, proline, and alanine. Further development requires 
the search for more selective partition systems and solvents. 

(c) The microbiological method.—This technique depends upon 
the finding that certain amino acids are essential for the growth of 
micro-organisms (99 to 104). Two forms of bacteria have been used 
for this study, namely Lactobacillus arabinosus 17-5 and Lactobacillus 
casei. The amino acids essential for the growth of the former are glu- 
tamic acid, tryptophane, threonine, valine, leucine, isoleucine, cystine, 
lysine, and phenylalanine. The determination of any one of these essen- 
tial acids in a protein hydrolysate is conducted by adding the appropri- 
ate aliquot thereof to a culture of the organism whose nutritive medium 
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is complete save for this one amino acid. The quantitative growth re- 
sponse on addition of the aliquot (either by estimation of the lactic 
acid produced or by turbidity measurements) is a measure of the con- 
centration of essential amino acid added. Standard growth curves for 
each amino acid must be known. The method is valid only for the 
naturally-occurring optical isomers of the amino acids, and for each 
organism only for those acids essential for its growth. 

(d) Method of isotopic analysis—This is conducted by adding a 
pure sample of a particular amino acid containing a known amount 
of deuterium or N°, in stable position, to a protein hydrolysate (105). 
A sample of the same amino acid is then isolated in pure form from 
the hydrolysate. If the amount of added amino acid is X, and its 
isotope content is Co while the isotope concentration of the specimen 
of pure amino acid as finally isolated is C, then the amount of amino 
acid, Y, present in the original mixture is: 


In only one of these four methods, namely that of chromatography, 
is the amino acid to be determined actually completely isolated. The 
great advantage of all four methods is that the analysis may be per- 
formed on very small amounts of protein. Certain of the methods, 
however, require specialized equipment not generally available. 


Tue Intact PROTEIN 


The estimation of certain amino acids may be conducted on intact 
proteins without the necessity of hydrolyzing the latter. These are 
amino acids with reactive groups on their side chains for which spe- 
cific reagents or techniques designed for detection are available. The 
analyses may be conducted on the intact native or on the intact dena- 
tured protein, depending upon the amino acid studied and perhaps 
upon the method employed. Cysteine, cystine, tyrosine, the hexone 
bases, and the dicarboxylic acids have been estimated in this fashion. 
The estimation of the amino acids in the intact protein is not recom- 
mended as a routine analytical procedure for it cannot supplant the 
ultimate analysis of the hydrolyzed protein ; rather its value lies in the 
light which the results often shed both on the nature of the binding 
forces which hold the native protein within its unique configuration 
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and on the inherent structure of the native protein, information which 
the analysis of the hydrolyzed protein is hardly capable of supplying. 

Hexone bases and dicarboxylic acids —These amino acids may be 
estimated in the native protein over the pH-stability range by calcu- 
lations based on the electrometric titration curves as developed by 
Cannan (106, 107). Analysis of the curves for each of the amino acids 
depends upon the fortunate circumstance that the values of the dis- 
sociation constant for the free titratable groups of the dicarboxylic 
acids, of histidine, of lysine, and of arginine, are sufficiently separated 
so that each may be readily distinguished. The position of histidine is 
further characterized by the intermediate value of the heat of ioniza- 
tion for the imidazole group, and that of lysine by the considerable 
acid shift of certain segments of the titration curve within certain pH 
limits following the addition of formaldehyde. 

The methods of Cannan are ingenious and fortunately are suitable 
for studies on the native protein, a feature confirmed by the reversi- 
bility of the titration curve over the studied interval between pH 2 
and 10 (107). From the titration curves of egg albumin and of B-lac- 
toglobulin, the equivalents of the dicarboxylic acids and of histidine 
and of arginine check rather closely with the corresponding values 
found in the hydrolyzed proteins (108). The number of amino groups 
found by titration in both proteins, however, exceed that number which 
would be furnished by all the e-amino groups of the known lysine 
residues (108). That this discrepancy may be real is supported by the 
concordance of the amino values estimated in the titrated protein with 
those found after Van Slyke analysis. The excess of titratable amino 
groups in the proteins over those due to ¢-amino groups of lysine may 
be attributed to the presence of a-amino groups (108). It may be 
pointed out, however, that the estimation of the amino groups rests 
largely on the somewhat arbitrary choice of 8.5 as the pH of the in- 
flection point on the titration curves, with the further assumption that 
at this point all amino groups are ionized. 

Tyrosine.—The phenolic group of tyrosine ionizes at about a pH 
of 10 (109), reacts readily with the Folin phenol reagent (110), and 
absorbs ultraviolet light with a pronounced maximum at 2800 A (111). 
Within the native protein molecule, however, the constituent tyrosine 
residues contribute little, if anything, to the ionization curve of the pro- 
tein (112), react very little with the phenol reagent (110, 113), and 
absorb little ultraviolet radiation (111). Unlike the side chain groups 
of the hexone bases and of the dicarboxylic acids, the phenolic group 
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of tyrosine is unreactive in the native protein, or at least the linkages 
in which the latter group participates are of a firmer nature than the 
former. However, when the proteins are denatured, the tyrosine resi- 
dues react readily with the Folin reagent (110, 114) and absorb ultra- 
violet radiation (111); the greater the degree of denaturation of the 
protein, the greater the number of reactive groups so revealed (110, 
111). Indeed, the number of tyrosine residues within the fully dena- 
tured protein may be ascertained from the known extinction coefficient 
for the free acid and from the absorption curve of the protein in the 
ultraviolet region of the spectrum; in the case of insulin, the number 
of tyrosine groups so revealed checks closely with that found in hy- 
drolysates of the protein (111). In the case of egg albumin (111), the 
complete number of tyrosine residues known to be present in the pro- 
tein was not revealed by the absorption curves; it is possible that this 
discrepancy may have been due to the failure to employ more powerful 
denaturing agents than alkali or urea. 

Cysteine and cystine-—The mercaptan group of cysteine and the 
disulfide group of cystine react readily with oxidizing and reducing 
agents, respectively. In the native protein these groups are little re- 
active; in the fully denatured protein these groups are as completely 
reactive as in the free amino acids (1, 115). In solutions of guanidine 
hydrochloride, all proteins studied are completely denatured and mer- 
captan groups can be quantitatively titrated with standardized oxidiz- 
ing agents (1), while acid-denatured proteins may be titrated for these 
groups with iodine (116). Disulfide groups may be completely re- 
vealed in proteins insufficiently denatured to reveal the full number 
of mercaptan groups known to be present (1). The proportion of 
cysteine and of cystine so estimated in the intact denatured proteins 
has been found to be in excellent agreement with that respectively 
found in hydrolysates of these proteins (1, 116). The problem of the 
sulfur distribution in proteins has been extensively considered in a 
recent review on denaturation (1) and need not be considered further 
except to note that the sum of cysteine, cystine, and methionine sulfur 
is equal in the proteins studied to the total sulfur (1, table 5, 117). 


AMINO ACID COMPOSITION AND DISTRIBUTION 


The application of the results of amino acid analysis to the problem 
of protein structure has led to four notable suggestions, namely: (a) 
the 2°3™ stoichiometric rule of Bergmann & Niemann (118) ; (b) Chib- 
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nall’s thesis that the sub-units of the proteins may consist either of 
single or of multiple polypeptide chains (108); (c) Astbury’s recon- 
ciliation of the Bergmann-Niemann generalization (119) with the 
noted exceptions to it (108), i.e. the rule is followed by single poly- 
peptide chains (as in edestin) but not by a system of multiple polypep- 
tide components (intermolecular as in egg albumin, intramolecular as 
in B-lactoglobulin) although each of the multiple components might 
itself conform to the rule; and (d) the nearly common amino acid pat- 
tern in homologous proteins from widely-differing species (120 to 
126). 

Examination of the available analytical data reveals a large number 
of instances in substantial agreement with the Bergmann-Niemann 
generalization, and it would appear that this rule, while perhaps of 
limited validity, comes very close to representing the fundamental 
stoichiometry of individual polypeptide systems within proteins. The 
subsidiary generalization, namely that relating to the sequence of the 
acids within the polypeptide chain, is not so readily tested and requires 
the isolation and identification of partially hydrolyzed products of chain 
length sufficient to contain the necessary number of residues, followed 
by the identification of the order of the residues in these polypeptide 
fragments. The pattern of the individual chains, however, may not 
necessarily be based upon sequences of single but rather of groups of 
residues ; in this sense the similar physical properties of proteins pos- 
sessing quite different compositions, such as myosin and wool, may 
be rendered explicable (119). 

Patterns of nearly similar amino acid composition appear to occur 
in tissue proteins of the same type. The myosins (120), the whole 
muscle proteins (125), the liver nucleoproteins (123), the keratins 
(121), and the neuroproteins (121), each from a number of different 
species, appear to have nearly the same proportion of several amino 
acids. 

Not only the animal but also the homologous plant proteins 
share this property of general similarity, for the relative uniformity of 
amino acid composition has been pointed out in the case of the somatic, 
photosynthesizing tissues of related cryptogams (124). Individual 
small differences in composition unquestionably exist between mem- 
bers of each homologous group (65, 123), and without minimizing the 
importance of such differences, the over-all similarities appear to be 
worthy of particular interest as illustrating a nearly common pattern 
for the proteins of each group (127). 
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PHYSICAL PROPERTIES OF PROTEINS 


The topics of size, shape, and electrochemical properties of protein 
molecules have been so adequately discussed in a preceding volume 
of this series (128) and elsewhere (4, 129, 130, 131), that this dis- 
cussion shall be limited to matters of interpretation and to certain 
aspects of the relation between these properties and protein structure 
in general. 

While molecular size and shape are useful and important physical 
criteria for the characterization of native proteins, per se they reflect 
but little of the specific chemical structure and biological activity of a 
protein. This is borne out by inspection of available data (131) which 
show proteins of widely different origin, function, and stability to share 
with each other similar, if not identical, molecular-kinetic properties. 
It is therefore not surprising that sedimentation and diffusion measure- 
ments may fail to resolve protein mixtures into their component parts 
(131, 132, 133). While the fundamental work of Svedberg and his asso- 
ciates (131) has been one of the most revolutionary developments in 
protein chemistry, the widespread application of their methods to puri- 
fied preparations can yield little more than an accumulation of addi- 
tional data unless such studies are correlated with other sources of 
evidence. Similarly, estimation of molecular shapes, as based on vis- 
cosity (134, 135, 136), diffusion (137, 138), dielectric dispersion (4, 
130, 139, 140), or birefringence methods (141), remains more of aca- 
demic interest unless interpretation is made in the light of other known 
properties of the protein in question. Considerations of size and shape 
assume prime importance when applied to an investigation of the 
changes in these properties occurring under well-controlled external 
conditions and it is here that the methods under consideration reveal 
their full merits (cf. 1, 131, 142). 


MOLECULAR WEIGHT 


Sedimentation.—Practical aspects of ultracentrifugal analysis of 
proteins have been reviewed by Pickels (143). The result of a recent 
conference on the theory and practice of sedimentation analysis has 
been made the subject of a valuable publication (144). It has also 
been shown that with large spherical molecules, the molecular weight 
may be estimated with a fair degree of accuracy by sedimentation in 
the angle centrifuge, the addition of sucrose or other non-sedimenting 
materials serving to maintain the density gradient (145). The effect 
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of concentration on the speed of sedimentation of suspensions of 
spherical (146) and asymmetric (147) particles has been considered. 

Molecular weight analyses have been reported for ferritin and apo- 
ferritin (148), crystalline muscle phosphorylase (11), crystalline car- 
bonic anhydrase (149), prolactin (150, 151), the parathyroid hormone 
(152), adrenocorticotropic hormone (26), the soluble LS antigen of 
vaccinia (153), and for the M protein of hemolytic streptococci (154). 
In a study relating the sedimentation constant of the infectious prin- 
ciple of tobacco mosaic virus to that of the paracrystalline nucleopro- 
tein (155), it was observed that within a probable error of + 6 per 
cent, the two are in agreement. 

Investigation of unreduced and reduced insulin in the presence of 
an anionic detergent (Duponol PC) yielded for the unreduced protein- 
detergent complex a molecular weight of 27,000 and an estimated value 
of about 9,000 for the protein component, in contrast to 46,000 for the 
native insulin in aqueous buffers (43). Preparations of insulin in 
which disulfide linkages were progressively reduced by increased 
amounts of thioglycollic acid were found to be increasingly aggregated 
in aqueous solutions, while in the presence of Duponol, the sedimenta- 
tion constant was considerably lower than that of the native protein 
(43). Though the authors favor the interpretation that the detergent 
micelles exert a dissociating effect on the protein molecule, the possi- 
bility is also considered that the charge effect of the anionic detergent 
micelles caused a retardation of the sedimentation and diffusion rate 
of the protein without changing its molecular weight.?, The molecular 
characteristics of gluten dispersed in sodium salicylate were studied 
by McCalla & Gralén (156). 

Following previous studies on the effects of certain enzymes on the 


2 When the values for observed sedimentation constant of both unreduced 
and reduced insulin are plotted against the concentration of Duponol, a linear 
relation obtains below Duponol concentrations of 1 per cent for the unreduced 
proteins, and between 2 and 0.5 per cent Duponol for the reduced protein, yield- 
ing an extrapolated value of S = 4.70 for the former, and of about S = 3 for 
the latter, as compared to S = 3.55 for the native protein. Conceivably, these 
values may represent the sedimentation constants of the proteins in the pres- 
ence of detergent, after elimination of the charge effects of the detergent mi- 
celles. While diffusion measurements are lacking, one may interpret the higher 
value to indicate aggregation of the unreduced insulin molecules, the lower 
value a decrease in molecular weight or an increase in frictional ratio of the 
reduced insulin. Further investigation of this phenomenon would be highly 
desirable. 
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splitting of antibody globulins, Petermann (156a) found beef serum 
pseudoglobulin and diphtheria antitoxin to be split by papain into 
fragments of one half and one quarter of the original molecular weight. 
Since the sedimentation characteristics of the remaining globulin were 
found to be unchanged it was concluded that enzyme action had pro- 
ceeded without prior “denaturation” of the whole molecules, although 
previous work from the same laboratory had shown certain denatured 
proteins to sediment with the same rate as the parent native protein 
(173). It is also debatable whether the change in configuration re- 
quired for the enzyme to act on a few structure-essential bonds could 
be detected by sedimentation measurements (cf. 1). 

The classical studies by Svedberg and associates (131), and of 
Brohult (142) on the dissociation of the large hemocyanin molecules 
have been supplemented recently by similar investigations on tobacco 
mosaic virus protein (157). Preliminary data reveal that in alkaline 
buffers, the virus dissociates into two components, one of them free of 
nucleic acid, and both having a molecular weight of about 360,000, as 
compared to about 40,000,000 for the intact virus protein. Readjust- 
ment of the solutions containing either one of the biologically inactive 
dissociation products to pH 5 yielded a material practically indistin- 
guishable from the native protein in molecular weight and shape, in 
crystal form and electrophoresis, but biologically inactive. 

Diffusion—tThe investigation of proteins by diffusion measure- 
ments has been the subject of a comprehensive review (138). The 
effects of solvent composition, solute concentration, and heterodispers- 
ity have been considered as have the application of combined diffusion 
and viscosity measurements to the estimation of molecular weights. 
Previous work from the same laboratory had already demonstrated the 
practical usefulness of these combined methods when applied to pro- 
teins of varying molecular weight and shape (135). Such studies have 
recently been extended to preparations of native and regenerated 
bovine serum albumin (158). Again, satisfactory agreement with 
sedimentation and diffusion data was found. 

Other methods.—As a result of experimental improvements (159 
to 164) osmotic pressure measurements have once again come to the 
fore. Equilibrium is attained within a short period of time. Molecular 
weights are obtained by various methods of extrapolation to zero 
concentration (165). Strict monodispersity is a prerequisite for ob- 
taining true molecular weights since the presence of a small percentage 
(by weight) of low molecular weight impurities has a large effect on 
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the number average molecular weight as obtained by osmotic pressure 
methods (165). Measurements have been reported for irradiated serum 
proteins (161) and for mixtures of serum or serum albumin with 
sodium thymonucleate (166). The latter study revealed that in such 
mixtures thymonucleate is osmotically inactive, probably as a result of 
suppression of dissociation accompanied by aggregation. 

The method of light scattering has been applied recently to the 
estimation of molecular weights. By using a protein of known mo- 
lecular weight as a standard, the unknown molecular weight may be 
estimated (167, 168, 169). Good agreement with the accepted values 
has been obtained for several purified proteins (168, 169). 

The small angle x-ray diffraction of colloidal solutions is deter- 
mined by the size and shape of the dispersed particles. Application of 
this method to chymotrypsin yielded values in reasonable agreement 
with the known diameter of these protein molecules (170). 


MOLECULAR SHAPE 


The concept of specific shape characteristics of protein molecules is 
a rather recent development and originated from the thesis that the 
frictional coefficient effective in diffusion, sedimentation, or viscosity 
is higher than that calculated for spherical molecules, even if reason- 
able allowance for hydration is made (129, 134, 171). After it was 
shown what sort of asymmetries would result for a number of repre- 
sentative proteins and their dissociation products if hydration were 
to be neglected (129, 134, 171, 172, 173), this method of interpretation 
has been extended to additional data (cf. 130, 135, 174, 175, 176), 
with allowance for varying, assumed degrees of hydration. An analo- 
gous analysis of dielectric dispersion data is due to Williams et al. 
(139, 177) and has since been extended and elaborated by Oncley (cf. 
4, 130). The problem has been reviewed on several occasions (vide 
infra) and its complexity does not warrant detailed consideration with- 
in the space of the present review. However, since certain criticisms 
have been voiced in some quarters (cf. 178, 179), while in others the 
estimated values for molecular shape have been taken too literally 
(180), several explanatory remarks may be in place. 

The term “apparent” molecular shape was designed to apply to 
asymmetries calculated on the basis of zero hydration (171), though 
it was never implied that protein molecules are unhydrated (129, 135). 
Further limitations were recognized to arise from approximations in- 
volved in the hydrodynamic approach to the theories of viscosity and 
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translational diffusion, and from uncertainties regarding the actual 
shape of protein molecules (171). While these shortcomings do not 
invalidate the concept of distinct shape characteristics of protein mole- 
cules, it has been obvious that estimation of molecular shapes cannot 
be better than the theories on which the methods of measurement are 
based. Although it has not yet been possible to determine unambigu- 
ously the degree of hydration, various lines of reasoning suggest that 
it hardly exceeds about 0.3 gm. of water per gm. of anhydrous pro- 
tein (129, 130, 135, 181). In an interesting analysis of the problem 
Bull & Cooper (182) arrived at an empirical relation between volume 
intrinsic viscosities and diffusion constants from which the volume 
hydration of dissolved proteins is calculated (28.3 + 4.2 per cent). 
However, the question remains how much significance can be attached 
to an empirical relation admittedly derived from equations which them- 
selves are only first approximations. Other limitations are discussed 
in the paper just cited. 

Interpretation of x-ray diagrams of crystalline hemoglobin (page 
141) led to the conclusion that these protein molecules are essentially 
impenetrable to the solvent molecules, and that the water of hydration 
is confined to one molecular layer. If this should be found to be gener- 
ally true, hydration would play a secondary role in the calculation of 
molecular shapes, not only for the more asymmetric but also for the 
larger protein molecules (129). 

Several lines of experimental approach have provided additional 
evidence for the non-spherical shape of proteins. X-ray studies have 
yielded data for the over-all dimensions of several purified proteins 
(cf. 183). Measurements of the double refraction of flow of myosin, 
tobacco mosaic virus, fibrinogen, hemocyanin, and others, have fur- 
nished a fair estimate for the length of these molecules (quoted in 
141). Lastly, while as yet limited to the large virus proteins (184, 
185, 186), and mtyosin (187), electron microscope examination of dried 
specimens has shown some of these proteins to be highly asymmetric 
while others approximate a more nearly spherical shape.* A compre- 
hensive review of the size and shape of viruses has been published by 
Markham et al. (188). 

While an evaluation of the full significance of molecular shape char- 
acteristics in terms of protein structure has to await further develop- 
ments, a functional relation between internal structure and external 


3 Attempts to extend such studies to smaller protein molecules yielded in- 
conclusive results (184). 
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shape cannot be doubted. This is clearly illustrated by the regular 
shape changes accompanying dissociation of certain proteins into 
smaller units (134, 171, 173) and by the profound changes occurring 
under the influence of more powerful denaturing agents (cf. 1). 


ELECTROPHORESIS 


Recent improvements in experimental technique have rendered 
this method of particular value for the characterization of purified 
proteins in terms of homogeneity and net charge (3), and for the 
analysis of protein mixtures, particularly of plasma and serum. The 
latest advances in the investigation of proteins by Tiselius’ moving 
boundary method have been excellently reviewed by Longsworth 
(189). Simple experimental apparatus for preparative purposes has 
been described by Svensson (190) and by Hahn & Tiselius (191). 

Conditions which a homogeneous and pure protein has to satisfy 
are (a) that it migrate with a single electrophoretic boundary over 
the entire pH-stability range and (b) that the extent of boundary 
spread be wholly accounted for by the diffusion occurring within 
the time of migration. In this connection it is of interest to note that 
all preparations of crystalline horse serum albumin that have been 
studied thus far in that manner, although monodisperse in sedimenta- 
tion and diffusion, and in electrophoresis on the alkaline side of the 
isoelectric point, reveal boundary splitting and boundary asymmetries 
when subjected to electrolysis below pH 6 (192). The situation is 
somewhat analogous to that observed with crystalline egg albumin, 
singly (193) or in mixtures with nucleic acid (194), and suggests that 
even the most carefully prepared, crystalline, carbohydrate-free serum 
albumin is a mixture. A similar situation has been observed with 
globins from various species prepared by the method of Anson & 
Mirsky by denaturation with acids, followed by regeneration (195, 
196). Here, too, the isolated protein is electrophoretically mono- 
disperse between pH 5.2 and 7.9, while in more acidic buffers, two 
boundaries appear in a mass ratio of about 6:4. When separated from 
each other by electrophoretic means, the two components are found 
to differ from each other in acid-binding capacity, and sulfur content 
(196). 

While a homogeneous protein has to satisfy the condition of elec- 
trophoretic homogeneity, the converse of this statement is far from 
true. Thus, serum y-globulin, when isolated electrophoretically or by 
fractionation with salts (197) or ethanol (198) exhibits a single elec- 
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trophoretic boundary'over a wide pH range, whereas it is known to 
fail to satisfy the requirement of constant solubility. It is therefore 
surprising that Jameson & Alvarez-Tostado (199) claimed to have 
isolated from horse serum a y-globulin of constant solubility (as 
judged by a method not commonly employed) but heterodisperse in 
electrophoresis. 

Electrophoretic analyses have been reported also for heat-inacti- 
vated pneumococcal antibody (200), prolactin (150, 151), tuberculin 
proteins (201), bovine serum albumin (158), the renin activator 
(serum a,-globulin?) (202) and for egg albumin detergent mix- 
tures (44) (see also page 144). 

Changes in electrophoretic patterns have been recorded for human 
serum and its fractions following irradiation with ultraviolet light, 
leading to an increased homogeneity (161) similar to that obtained 
after heat treatment (203). The latter changes are inhibited by satu- 
ration of plasma with glucose (204). Addition of 2.8 M urea to 
normal human serum gives rise to several additional boundaries, the 
jagged pattern being due to convection rather than to changes in com- 
ponent distribution (205). Regeneration of serum albumin, iollowing 
denaturation by concentrated urea, yields a protein which is only 
slightly less homogeneous electrophoretically than the native material, 
the mobility being increased by several per cent (158). Marked changes 
in pattern and mobility have been noted following heat-treatment of 
crystalline horse serum albumin (206). 


INTERNAL STRUCTURE 


The problem of the internal arrangement of polypeptide chains 
within the protein molecule has continued to stimulate both experi- 
mentation and imagination. It is here that all aspects of protein 
chemistry come to meet, for any specific structure assigned to a pro- 
tein has to be compatible with all evidence that may be brought to 
bear, whether the latter be derived from amino acid analyses, from 
physico-chemical investigations of the intact, denatured, or chemically 
modified proteins, or from determinations of specific biological activity. 
The difficulties attending the determination of the internal structure of 
proteins are considerable: experimentally, because the standard dif- 
fraction methods designed for determination of the molecular structure 
of simpler organic molecules, when applied to proteins, fail to yield a 
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comparable degree of resolution ; theoretically, because the distribution 
of the amino acid side chains may profoundly influence the configura- 
tion of polypeptide chains (119, 207 to 210). 


Fisrous PROTEINS 


Astbury’s classical investigation and interpretation of the x-ray 
diffraction of the keratins, collagens, and myosin have been reviewed 
extensively here (212, 213) and elsewhere (119, 211). In the past 
year, an attempt was made to correlate certain proposed structures 
with the Bergmann-Niemann hypothesis of the periodicity of oc- 
currence of amino acid residues (119). While x-ray data do not seem 
to support the view that the residues follow one another exactly in 
the periods suggested by their relative proportions, the idea is ex- 
pressed that a broad stoichiometry of types of residues is maintained 
in conformity to a common molecular plan. Thus, a molecular scheme 
is proposed for the keratin-myosin group according to which side 
chains are packed in triads which occur alternately on one and the 
other side of the plane of the main chains (214). The side chains of 
which a triad is composed are believed to be essentially either all polar 
or all non-polar, salt-like linkages between ionized groups, and hy- 
drogen bonds between amide and hydroxyl, or between hydroxyl and 
hydroxyl groups, forcing the polar groups of one or adjacent chains 
into such combinations. While this scheme need not be strictly adhered 
to—indeed it would require an even distribution between polar and 
non-polar amino acid residues—it is thought to explain the noted long- 
range elasticity of proteins of the keratin and myosin group, and, 
unlike earlier structures, it is compatible with the space requirements 
of the side chains. However, while these ideas are fully as ingenious 
as those by which they were preceded, they too are attended by a high 
degree of ambiguity, corresponding to, and necessitated by the rather 
incomplete data from which they are derived. 

The widespread belief in a structural pattern common to certain 
classes of fibrous proteins has led to an attempt to short-cut the search 
by excluding those configurations which are incompatible with certain 
general principles and tentative assumptions (215). Reasoning from 
these, models of fully extended polypeptide chains have been con- 
structed in which the chains are held together by hydrogen bonds 
between nitrogen and carbonyl oxygen atoms. While all-these struc- 
tures appear to be in good agreement with the limited experimental 
data, and in accord with reasonable assumptions, their number is 
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admittedly too large to warrant any single structure to be favored 
or accepted. 

Proteins share with other high polymeric substances the charac- 
teristic property of being composed of sub-units of like structure and 
property, and accordingly, they may be expected to adhere to a struc- 
tural scheme determined by the recurrence of identical groupings along 
the chains. However, this analogy is not quite complete since the 
structure-determining influence of the peptide groups may be counter- 
balanced by profound variations in nature and distribution of the 
amino acid side chains. Since stereochemical considerations reveal 
considerable differences in the space requirements of individual amino 
acid residues (207, 216, 217), it is obvious that the general principle 
of “close-packing” would demand a different configuration of poly- 
peptide chains in regions of shorter and smaller side chains, than in 
regions of the longer and larger ones; and unless the side chains are 
distributed according to size and shape—a hypothesis devoid of any 
experimental evidence—the arrangement of the polypeptide chains will 
be attended by a certain element of disorder. Another, and possibly 
even more important structure-determining factor is introduced by the 
attractive forces operating between ionized and polar side chains (210), 
thereby creating a specificity of structure in response to the attractive 
forces that are exerted by the multitude of amino acid side chains. 
While in the face of characteristic diffraction periods a certain regu- 
larity of structure cannot be gainsaid, it seems that in the past, the 
structure-determining role of the side chains hardly has been accorded 
proper recognition. While the exact structure-determining role of the 
various side chains cannot yet be evaluated, in certain instances reason- 
able deductions have been made. Thus, it has been shown that the 
presence of glycine residues may confer upon a polypeptide chain a 
considerable degree of internal freedom, thereby allowing the chain to 
assume configurations in response to the attractive forces exerted by 
other, more reactive side chains (209). Similar reasoning has led to 
the belief that in a polypeptide chain, the large proline and hydroxy- 
proline residues have to occupy terminal positions in order to be ac- 
commodated (218), a hypothesis which need not necessarily be main- 
tained if these amino acids hold positions adjacent to glycine (209). 

Electrostatic attraction between the ionized end groups of glutamic 
and aspartic acid on one hand, and of the hexone bases on the other, 
have long been considered as a potential source of interaction between 
various parts of one, or between adjacent polypeptide chains (cf. 219), 
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as have hydrogen bonds between polar groups such as those of serine 
(108, 220) or threonine. 

There is one instance where a considerable body of evidence has 
become available concerning the role of amino acid residues in fibrous 
proteins, i.e., that of cystine. It was suggested earlier by Astbury 
(221), Speakman (222), and their collaborators that a number of 
important physical and chemical properties of wool keratin are asso- 
ciated with the presence of disulfide linkages of the cystine moiety, 
which serve to connect adjacent polypeptide chains. In a more recent 
series of investigations, Harris and co-workers found (50, 223, 224) 
that cleavage of these linkages by reduction with thioglycollic acid in 
neutral or acid solutions, while leaving the gross fiber structure in- 
tact, greatly increased extensibility and alkali solubility and reduced 
tensile strength. Alkylation of the reduced wool with aliphatic diha- 
lides introduced hydrocarbon chains between pairs of sulfur atoms, 
and led to the restoration of the physical properties of the original 
wool keratin, in respect to both elasticity and tensile strength. The 
conclusion most pertinent to the present discussion is that the long- 
range elasticity of the natural fibers has to do with the strain imposed 
by the cystine cross linkages on the otherwise more flexible and ex- 
tended polypeptide chains, forcing the latter to contract to a more 
random and probable state. 

From methylation studies of native and reduced wool the conclu- 
sion has been drawn that “activated” peptide linkages are capable of 
condensation with hydroxyl and sulfhydryl groups of serine and 
cysteine, respectively, causing ring closures of the oxazoline and 
thiazoline type (225). 

The x-ray diffraction properties of several fibrous proteins have 
been investigated during the past year. Redetermination of fiber photo- 
graphs of keratins of porcupine quill revealed a spacing of 5.14 A along 
the fiber axis, and a large unit of pattern of 658 A or 198 A (226). 
The latter value appears to be correct according to independent re- 
searches (227). Lateral spacings of 81, 41, and about 9.8 A have been 
noted, the latter being considerably resolved, containing some twenty 
discrete reflections. A total of more than one hundred reflections have 
now been established in the range of 1 to 150 A (226). 

Preliminary investigations of human fibrinogen and fibrin suggest 
both proteins to resemble in x-ray and elastic properties natural myosin 
and keratin (228). Thus, fibrinogen-fibrin conversion does not appear 
to be associated with profound structural changes. 
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A long diffraction period of 640 A observed with collagenous tissue 
(229) has been identified in electron microscope photographs of the 
intact tissue as the average distance between transverse bands (230, 
231). New small-angle interferences of 33, 42, and 66 A have been 
reported for myosin (232). 


CORPUSCULAR PROTEINS 


The problem of the application of x-ray methods to the determina- 
tion of the unit cell dimensions and symmetry of protein crystals has 
been excellently reviewed in several places (119, 178, 183). A deeper 
insight into the fine structure of protein molecules has been obtained by 
the examination of electron density projections of protein crystals at 
different stages of shrinkage of the wet crystals (179). The degree of 
optical resolution was found to be enhanced when crystallization of 
horse methemoglobin was effected by electrodialysis rather than by 
salting-out with ammonium sulfate (233). In agreement with earlier 
work (179), it was found that the hemoglobin molecules form coherent 
sheets parallel to the c-plane, with layers of mother liquor between the 
protein sheets. It has now been established that the layers of water of 
crystallization are dispersed intermolecularly rather than intramolecu- 
larly, i.e., the liquid lies between protein layers one molecule thick 
rather than between layers of half-molecules. The authors also estab- 
lished the existence of four roughly equal and equidistant peaks in the 
protein portion of the electron density projection, little less than 9 A 
apart. Of the various interpretations with which this finding is com- 
patible, they chose one in terms of which the hemoglobin molecule 
consists of four equal and parallel layers of polypeptide chains, with 
the main chains folded in the plane of the layers and with the side 
chains at right angles to it. Further, it is suggested that polar side 
chains occupy the outside surface of the layer structure, the non-polar 
ones being tucked away in the interior six surfaces. The over-all 
dimensions of the air-dried crystal are 36 A x 48 A x 64 A, correspond- 
ing to an axial ratio of about 2:1. 

The idea of a layer structure of native corpuscular protein was pro- 
posed several years ago by Astbury (234) and arose in part from 
Gorter’s investigation of the structure of protein monolayers (235). 
It has been revived by Chibnall in the interpretation of his recent ana- 
lytical work (108). As discussed in a preceding section (page 128), 
he concluded that with certain proteins, such as edestin, B-lactoglobu- 
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lin, egg albumin, and insulin, the number of ionizable groups as deter- 
mined by amino acid analysis can be reconciled with that adduced from 
titration data, only if these protein molecules are assumed to consist 
of more than one polypeptide chain (see also 210), varying from four 
for egg albumin to as many as eighteen for insulin. 

While for certain proteins the idea of an association of sub-units 
appears to be corroborated by molecular weight determination on 
native and denatured material, with others no such evidence is avail- 
able (1). Thus, hemoglobin, edestin, and a variety of other corpus- 
cular proteins are known to be rather susceptible to dissociation into 
smaller components, whereas, for instance, egg albumin and crystalline 
serum albumin are notably resistant to molecular dissociation. The 
case of hemoglobin is of particular interest in this connection, since 
recent interpretation of the kinetics of acid denaturation has led to the 
conclusicn that this reaction is initiated by an activation process, totally 
accountable for by the combination of one protein molecule with two 
protons, resulting in the cleavage of two hydrogen bonds and in the 
subsequent dissociation of the molecule into halves (236). A layer 
structure of the type suggested by the English workers is compatible 
with these findings. 

What has been said in the preceding section about the role of side 
chains as structure-determining factors applies equally to the corpuscu- 
lar proteins. Indeed, the contribution of these groups may be expected 
to be even stronger in this case since their closer geometrical proximity 
in a globular molecule affords more profound interactions. Conversely, 
separation of the side chains will be one of the first steps in denatura- 
tion, followed by an opening-up of the polypeptide chains (1, 210, 
219). However, it may be in place to record a word of caution against 
evaluating all these hypotheses, no matter how ingenious and stimu- 
lating they may be, with less hesitancy than is called for by the limited 
experimental evidence from which they were derived. 

X-ray diffraction measurements have recently been reported for 
B-lactoglobulin, obtained from a large single crystal grown from salt- 
free solutions by McMeekin’s method (237). The cell dimensions are 
in good agreement with those previously obtained (178). Measure- 
ments on ferritin and apoferritin revealed for both materials the loca- 
tion of diffraction lines to correspond to those one would expect for a 
face-centered cubic cell containing 8 molecules (35). The molecular 
weight deduced from air dried crystals is in good agreement with the 
ultracentrifugal value. 
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DENATURATION 


The problem of the denaturation of proteins has been the subject 
of a recent review in which the widely scattered experimental data 
have been critically examined, in an attempt to integrate them with 
present-day concepts of protein structure (1). The denaturation 
process has been considered therein as a truly chemical reaction, with 
due regard to the fact that proteins are endowed with unique and 
specific biological functions ; accordingly, a variety of chemical, physi- 
cal, and biological sources of evidence have been drawn upon in the 
analysis of the problem. In order to avoid duplication, we shall antici- 
pate the ideas expressed in that review and limit the present discussion 
to certain aspects of the denaturation process that have been in the 
focus of recent investigations. 


SYNTHETIC DETERGENTS 


The interaction between the amphoteric proteins and anionic or 
cationic detergent micelles may involve the ionized groups of the pro- 
tein as evidenced by precipitation; or it may affect the intrinsic struc- 
ture of the protein molecule in an act of denaturation. In addition, a 
catalytic effect of detergent acids in the hydrolysis of protein amide 
and peptide bonds has been established (42). 

Precipitation.—Precipitation has been shown to be confined to pH 
regions in which protein and detergent carry charges of opposite sign 
(8, 9, 45, 238, 239), the pH at which precipitation ceases approxi- 
mating closely the isoelectric point of the protein. Precipitation is also 
governed by the protein-detergent weight ratio, temperature, and ionic 
strength (8, 239). Since precipitation by anionic detergents has been 
found to lead to changes in properties which may not be wholly re- 
versed after dissociation of the protein-detergent complex, the protein 
so recovered must be said to have undergone some degree of denatura- 
tion, according to the general definition proposed for denaturation 
(1, 239). 

Denaturation.—Higher concentrations of detergent than are requi- 
site for precipitation are needed for the detergents to reveal their full 
denaturing effects. Previous work has shown that denaturation of 
proteins by detergents may be manifested in the liberation of protein 
thiol groups (240), the inactivation and disintegration (241, 242) or 
aggregation (243) of viruses, changes in absorption spectrum (244), 
and the dissociation of pigment-protein compounds (245, 246). Deter- 
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gents have also been found to be good dispersing agents for fibrous 
proteins (50a). Viscosity measurements revealed the denaturing action 
of relatively low concentrations of certain detergents to exceed that of 
concentrated solutions of guanidine hydrochloride, one of the most 
powerful denaturants hitherto known (8, 239). 

In an interesting series of investigations, Lundgren et al. reported 
the practical usefulness of synthetic detergents for the formation of 
protein fibers of high tensile strength (44, 247, 248). 

Electrophoretic analysis (44) of mixtures of egg albumin and alky] 
benzene sulfonate revealed the formation of a complex in a detergent- 
protein weight ratio of 1:3, which is in good agreement with inde- 
pendent evidence (8, 239). Excess protein or detergent gives rise to 
additional electrophoretic boundaries characteristic of the individual 
components. In contrast, mixtures of heat-denatured egg albumin and 
detergent form complexes of continuously varying composition within 
the same range of detergent concentration in which the native protein 
maintains a constant combining ratio. This suggests that upon heat 
denaturation, more reactive groups become available for combination, 
as a result of partial unfolding of the molecule. Since in regions of 
detergent excess the native protein becomes denatured also, native and 
heat-denatured egg albumin are electrophoretically indistinguishable 
from each other in this region. 

X-ray diffraction measurements on egg albumin denatured by alkyl- 
benzene sulfonate or by heat, revealed spacings characteristic of dena- 
tured proteins in general, and similar to those given by disoriented 
6-keratin. Stretching under steam serves to sharpen the reflections, 
yielding a pattern of the fully extended B-keratin type (248). Similar 
data have been obtained independently for various globular proteins 
after denaturation by heat (249). 

In connection with the chain structure of synthetic detergents, it is 
of interest to note that urea, in concentrations in which it is effective 
as a denaturing agent, has been shown also to form chain-like micelles, 
as evidenced by viscosity measurements at low shearing stresses and 
by a strong Tyndall effect (250). Though the mode of action of such 
chains on proteins remains a matter of conjecture, this parallelism of 
structure and behavior invites consideration. 


IMMUNOLOGICAL APPLICATION 


Largely in response to the exigencies of war, the past years have 
witnessed a revived interest in destroying the species specificity of 
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proteins of animal origin in order to render them suitable for parenteral 
administration to humans. A valuable monograph by Mudd & Thal- 
himer (251) describes the possible application of casein, casein digests, 
and bovine serum albumin, in addition to that of purified human serum 
albumin and hemoglobin, to blood transfusion in the treatment of 
shock. Other attempts, involving more drastic treatments of the pro- 
tein, have been summarized by Henry (252). 

The original observation that treatment of egg albumin with strong 
alkali reduces the antigenic activity of the protein, supposedly by virtue 
of “racemization” (253), has stimulated similar investigations on 
serum proteins. Though the work leaves something to be desired as 
regards both the identification of the modified protein, and the pre- 
cision of immunological tests, the fact remains that alkali treatment 
may greatly reduce the antigenicity, as revealed by qualitative pre- 
cipitin tests and by anaphylaxis (254 to 257). While the nature of the 
reaction is obscure, it is apparent that treatment with 0.5 or 1 N 
sodium hydroxide leads to drastic chemical and physical changes of 
the proteins. Most authors agree that hydrogen sulfide is liberated 
during the process and that, depending on the extent of treatment, 
the modified protein may be more or less toxic. 

Experiments on both horse and beef serum albumin reveal that 
denaturation by urea or guanidine hydrochloride, followed by regen- 
eration, yields a material of reduced antigenic activity but unimpaired 
serological specificity (258, 259). Since under the conditions of these 
experiments, the changes in the protein were confined primarily to its 
internal structure, it appears that the latter is influential, at least in 
part, in determining the ability of the protein to elicit antibody syn- 
thesis. 

Preliminary data have been published to show that denaturation of 
pneumococcal horse antibody globulin by guanidine hydrochloride does 
not impair its ability to react in vitro with the homologous carbohy- 
drate (260). Both the irreversibly denatured and the regenerated 
fractions were serologically active although combination with the 
antigen occurred in different combining ratios. These observations 
are not readily compatible with the alleged synthesis in vitro of anti- 
bodies from normal globulins, by denaturation followed by regener- 
ation in the presence of an antigen (261). While the latter work 
would be of considerable theoretical and practical importance, it can- 
not be regarded as sufficiently conclusive to be accepted (7) as sup- 
porting evidence for a stimulating theory (218). 
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In the present review reactions of a wide variety of phosphate com- 
pounds are organized with primary regard for the fate of the phosphate 
radical. Inorganic phosphate may be removed from or added to an 
organic molecule. Organically bound phosphate may be transferred 
to another part of the same molecule or to a different molecule, or its 
position may remain fixed and the change take place in some other 
part of the molecule. The present interpretation is made possible by 
the fundamental work of Warburg, Meyerhof, Cori, and others, and 
the reviews of Kalckar (1, 2) and Lipmann (3) on the role of phos- 
phate in the utilization of metabolic energy. The new material covered 
is that made available in the last two years. The reactions to be con- 
sidered are presented in tables that pertain to the various sections. 


HYDROLYTIC CLEAVAGE OF PHOSPHATE BONDS 
PHOSPHOMONOESTERASE 


Non-specific phosphomonoesterase.— The determination of the 
specificity of the phosphatases and the study of their kinetics depends 
ultimately upon the purification of the enzymes as proteins. The 
intestinal alkaline phosphatase has been obtained in relatively pure 
form by Schmidt & Thannhauser (4) by autolysis in the presence of 
trypsin, precipitation by ammonium sulfate, removal of impurities by 
the judicious use of aluminum hydroxide, and by final precipitation in 
acetone. This intestinal phosphatase contains 21 per cent polysaccharide 
and 10 per cent nitrogen (4). The ultraviolet absorption spectrum is 
the same in the presence and in the absence of substrate (5). The 
enzyme hydrolyzes monoesters and certain diesters of phosphate, and 
also inorganic pyrophosphate and ATP, but does not act on phospho- 
lipids or thymonucleic acid (4). Although this is the most active prep- 


1To conserve space, the following abbreviations will be used: ATP, ADP, 
AMP, for adenosinetriphosphate, adenosinediphosphate, and adenosinemonophos- 
phate, respectively. 
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aration yet obtained, further purification will probably yield greater 
specificity. Kinetic studies reveal that the time curve is that of a first 
order reaction only when phenylphosphate is used as substrate. The 
inhibition by inorganic phosphate and pyrophosphate was confirmed. 


TABLE I 


HyprROoLyTic CLEAVAGE OF PHOSPHATE BONDS 
Substrates for Some 


Class of Enzymes Substrate Product Specific Enzymes 
{ Fructose-1,6-di- 
Phosphomono- ' T | \| | phosphate 
esterase..... a a oe one - on Phytic acid 
| | Adenosine-5- 
phosphate 
Phosphodi- | Ribonucleic acid 
esterase..... —¢-0-f of —fou he Ho} —-o-c— | Desoxyribonucleic 
} acid 
‘ Inorganic pyro- 
— \| I, || phosphate 
phatase ..... R—O— een — pi OH + HOP— Adenosinetriphos- 
phate 


The alkaline phosphatase of the mammary gland has been prepared 
by the Albers method (6), which involves autolysis and fractionation 
in organic solvents, and has been further purified on the basis of its 
solubility in saturated magnesium acetate (7). The acid and alkaline 
phosphatases of beef kidney, prepared without autolysis, have been 
found in the water soluble and water insoluble protein fractions, re- 
spectively (8). 

Cloetens (9) has continued his work on alkaline kidney phospha- 
tase prepared by the Albers method. This enzyme, like the alkaline 
phosphatase of the intestinal mucosa (4, 10), is activated to some 
extent by magnesium, is not inhibited by fluoride, and is strongly 
inhibited by potassium cyanide or cysteine. When inactivated by 
divalent prolonged dialysis against buffer, the enzyme can be reacti- 
vated by magnesium, calcium, manganese, cobalt, or nickel ions. The 
combination of the enzyme with dilute concentrations of the metal ions 
requires time, and the presence of substrate inhibits the combination. 
If the same enzyme is dialyzed against a potassium cyanide solution for 
six days and the potassium cyanide removed by further dialysis, it 
requires two metals for reactivation, i.e., the addition of one of the 
above ions must be preceded by the addition of traces of divalent zinc, 
cobalt, or mercury ions. The inhibition of the undialyzed phosphatase 
by potassium cyanide is probably due to complex formation with zinc 
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(9). Massart & Dufait found a high zinc content in this enzyme prep- 
aration (11). 

Fluoride inhibits acid phosphatase (12) and neutral yeast phos- 
phatase. The latter enzyme, after dialysis, is reactivated by magnesium, 
cobalt, or manganese ions. Sodium fluoride inhibits the magnesium 
activated enzyme much more than the manganese or cobalt activated 
enzyme since the magnesium-fluoride complex is more stable (11). 
Beck (13) finds that while kidney phosphatase is inhibited by phlo- 
rhizin at pH 5, there is no inhibition at pH 6.9, the intracellular pH 
of the kidney tubule, and he concludes that interference with glucose 
reabsorption could not be due to the inhibition of phosphatase. 

Reviews of clinical interest on phosphatase have appeared (14, 15, 
16). 

Specific phosphomonoesterases. — Gomori (17) has obtained en- 
zyme preparations from kidney and liver, by extraction in lactate 
buffer at pH 3.5, which have negligible activity for B-glycerophosphate 
or for phenylphosphate but hydrolyze commercial preparations of 
hexosediphosphate. Activity on hexosemonophosphate was not de- 
termined. The pH optimum is 9.7; the enzyme requires magnesium 
ions for activity ; it is activated by cyanide and inhibited by fluoride. 
Muscle, extracted by this method, yields only small amounts of hexose- 
diphosphatase although Lohmann showed that saline extracts of mus- 
cle can hydrolyze fructose-1,6-diphosphate rapidly to form hexose-6- 
phosphate. 

An enzyme from snake venom is specific for adenosine-5-phosphate 
and inosine-5-phosphate, splitting them into nucleoside and inorganic 
phosphate (18). Enzymes occurring in Basidiomycetes split a- or 
6-glycerophosphate but not other mono- or diesters of phosphate (19). 


PHOSPHODIESTERASE 


The essential characteristic of a diesterase is that it splits only one 
of the ester linkages. The second ester linkage is split by phospho- 
monoesterase which liberates inorganic phosphate. The alkaline phos- 
phatase of Schmidt & Thannhauser (4) splits both linkages of di- 
phenylphosphate. 

The phospholipids are diesters of phosphoric acid. Splitting of 
these ester linkages in lecithin must be preceded by the action of leci- 
thinase which splits off the fatty acid molecules. There are two possible 
ways of breaking down the remainder of the molecule depending on 
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which phosphate ester linkage is split first, i.e., that with choline or 
that with glycerol. Phosphate is also hydrolyzed from the tubercle 
phosphatide by phosphatases after preliminary action by lecithinase 
(20). 

Ribonucleic acid (yeast nucleic) and desoxyribonucleic acid (thy- 
monucleic) are similar in structure since they are polymers of mono- 
nucleotides which are probably linked to each other by an ester linkage 
between the phosphate group of one nucleotide and the sugar molecule 
of the neighboring nucleotide. They are thus diesters of phosphoric 
acid. The depolymerizing agents of the macromolecules are ribo- 
nuclease and thymonucleodepolymerase. These enzymes are specific 
for their respective nucleic acids (24). 


PyROPHOSPHATASE 


Adenosinetriphosphatase. — Whereas the hydrolysis of a simple 
phosphoric ester by phosphatase is accompanied by the liberation of 
a relatively small amount of free energy, and can be reversed to a 
demonstrable extent under certain conditions, the hydrolysis of the 
terminal pyrophosphate bond of ATP, with the formation of ADP 
and inorganic phosphate, is accompanied by the release of a large 
amount of free energy and is not measurably reversible. According 
to Lipmann’s terminology (3), the pyrophosphate bonds of ATP are 
energy-rich, while the phosphoric ester bonds are energy-poor. The 
enzymatic hydrolysis of ATP by adenosinetriphosphatase is generally 
considered to be the immediate chemical source of energy for muscular 
contraction, and perhaps also for other types of cellular work (3, 28), 
including the fixation of carbon dioxide by plants (29) and auto- 
trophic bacteria (30). 

In 1939, Engelhardt & Lyubimova (31, 32) made the important 
observation, since confirmed by others (28, 33), that the adenosinetri- 
phosphatase activity of muscle is almost entirely associated with myo- 
sin, the globulin which constitutes 57 to 70 per cent of the total protein 
of muscle tissue (34) and is believed to be responsible for the con- 
tractile and elastic properties of muscle. The evidence which has been 
submitted in favor of the viewpoint that adenosinetriphosphatase is 
actually identical with myosin may be summarized as follows: (a) The 
adenosinetriphosphatase activity of myosin remains fairly constant on 
reprecipitation by dialysis, dilution, acidification or salting out (31, 32, 
34). (b) In no case has a protein fraction been obtained from myosin 
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having a significantly higher activity than the original material (31, 
32, 34). (c) Certain mild procedures which are known to cause de- 
naturation of myosin, as indicated by the loss of flow birefringence, 
cause complete loss of adenosinetriphosphatase activity (31, 32). (d) 
Myosin, precipitated three times by dilution, shows a single sharp 
ascending boundary during cataphoresis at pH 6.8 (34). (e) The 
solubility of myosin in a buffer of given ionic strength and pH is inde- 
pendent of the amount of myosin present in the solid phase (35, 36). 
(f{) The adenosinetriphosphatase activity of myosin, expressed as moles 
of substrate transformed per unit weight of protein, is of the same order 
of magnitude as the activity of certain of the less active pure enzymes 
(34, 35). (g) Addition of small amounts of ATP to myosin sols or 
artificially prepared myosin threads causes certain changes, described 
below, in the properties of the myosin, indicating a reaction of ATP 
with myosin which is interpreted by some workers as an enzyme-sub- 
strate combination. 

On the other hand, there is some evidence that the usual myosin 
preparation is not a single protein but is merely difficult to separate 
from small amounts of a highly active adenosinetriphosphatase: (a) 
There is no relationship between the degree of birefringence and the 
enzyme activity of myosin preparations from different species (34). 
(b) Flow birefringence can be abolished by certain procedures without 
decreasing adenosinetriphosphatase activity (34). (c) In the cata- 
phoresis experiments described by Bailey, the descending boundary 
showed a second component moving 0.8 times as fast as the main 
boundary (34). (d) Myosin can be separated centrifugally into four 
proteins having different sedimentation constants (37). (e) A water- 
soluble adenosinetriphosphatase can be prepared from potatoes (38) 
which is 20 times as active as myosin per mg. protein (39). This 
enzyme is adsorbed by myosin when the latter is precipitated by dilu- 
tion (39). 

It should be emphasized that even if future work should prove that 
myosin and adenosinetriphosphatase are not identical, the close asso- 
ciation of the two proteins might still be highly significant. 

Investigations of the enzymatic properties of myosin indicate that 
it is a specific triphosphatase. Of the many phosphate compounds in- 
vestigated (28, 34, 40) only ATP, inosinetriphosphate (ITP) (41, 
42), and inorganic triphosphate (41) can be hydrolyzed. With puri- 
fied myosin (reprecipitated several times), only the terminal phos- 
phate is split from either ATP or ITP, so that ADP (40) and IDP 
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(42) can be isolated in pure form by this means. Although the rate 
of enzymatic hydrolysis of ITP is greater than that of ATP, it seems 
unlikely that ITP is the physiological energy source since the inosine 
nucleotide is not nearly as effective as the adenine nucleotide in various 
transphosphorylation reactions (42). 

The adenosinetriphosphatase activity of myosin is increased mark- 
edly by the addition of calcium ions (33, 34, 36). The concentration 
of calcium required for optimal activity depends on the substrate con- 
centration, 1 mole of calcium salt being required per 1.5 moles of 
ATP (34). A water-soluble adenosinetriphosphatase preparation 
which is not activated by calcium ions has been obtained from liver 
(34). However, the activity of crude dispersions, containing both the 
water-soluble and insoluble proteins of liver or other tissues, is in- 
creased several-fold by the addition of calcium ions (43). 

The activating effect of calcium ions on myosin preparations has 
led Bailey (34) to propose that the process of muscular contraction 
is characterized by the liberation of calcium ions, which causes hy- 
drolysis of ATP to take place. DuBois & Potter (44) claim that the 
adenosinetriphosphatase activity of homogenized salivary gland tissue, 
tested without the addition of calcium, is increased by preliminary 
incubation of the intact tissue with acetylcholine, and suggest that 
acetylcholine causes an increase in the amount of calcium available 
for activation of the enzyme. The effects of acetyl choline, epinephrine, 
and other substances on the enzyme activity of myosin have been tested 
in the presence of optimal amounts of added calcium ions with nega- 
tive results (45). 

The adenosinetriphosphatase activity of myosin is increased not 
only by calcium, but also to a lesser extent by manganese (34). Among 
other cations tested, barium and ferrous iron have no effect (34, 36), 
while copper (34) and silver (36) are strongly inhibitory. With puri- 
fied myosin, magnesium has no effect according to Bailey (34), but 
Engelhardt & Lyubimova (36) find that it has a strong inhibitory 
effect. DuBois et al. (46) find a higher ATP content in the brain and 
muscle in magnesium-anesthetized animals than in ether-anesthetized 
animals, and suggest that the production of anesthesia by magnesium 
salts may be due to competition of the magnesium ions with calcium 
ions for adenosinetriphosphatase. 

The pH optimum for the enzymatic activity of myosin is about 9.0 
(31, 34). There is a second, less pronounced, optimum at pH 6.2 
(36). The existence of two optima is attributed to the dependence of 
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activity on the ionization of both ATP and adenosinetriphosphatase, 
rather than to the presence of two different enzymes. The inactivation 
of the enzyme at 37° is prevented by the presence of ATP or ADP, 
especially the former (31). Both the stability and activity of the 
enzyme are increased by amino acid buffers, including cysteine (34). 
Barron & Singer (47) report that the enzyme contains sulfhydryl 
groups essential to its activity, since it is inactivated by chlormer- 
curibenzoic acid and completely reactivated by glutathione. Other 
workers, using other reagents which react with sulfhydryl groups, 
such as iodoacetic acid, come to the opposite conclusion (28, 36). 
Cyanide has no effect on the activity (36). Fluoride completely 
abolishes the stimulatory effect of added calcium but has no effect on 
the activity in the absence of added calcium (36). Inhibition occurs 
with phlorhizin only at acid reaction (36), and with high potassium 
chloride concentrations (48). 

Evidence that ATP may be directly responsible for changes in the 
mechanical properties of muscle has been presented by Engelhardt 
et al. (35, 36, 49) and by Needham et al. (41, 50). The Russian 
workers (35, 36, 49) find that when myosin threads, prepared by 
extrusion of a salt solution of myosin into water, are subjected to a 
given load, their extensibility is increased by the addition of low con- 
centrations of ATP (0.0025 M). The phenomenon is specific for 
phosphate anhydrides, being observed to a smaller extent with ADP, 
thiamin pyrophosphate, and cozymase. The effect is immediate and 
can be reversed when the thread is returned to water or dilute salt 
solution. Conditions which abolish the enzyme activity of myosin also 
abolish the effect of ATP on the extensibility of the myosin fibril. 

According to the English workers (41, 50) when a myosin sol is 
treated with a low concentration of ATP or ITP, a rapid reduction 
in flow birefringence and in relative viscosity occurs, with no change in 
anomalous viscosity. Other workers, however, could find no effect of 
ATP on the viscosity (36) or on the ultraviolet absorption spectrum 
(51) of myosin sols. The changes observed by Needham et al. are 
reversible: both birefringence and viscosity return to normal values 
concurrently with the hydrolysis of ATP to ADP. Inorganic tri- 
phosphate, although hydrolyzed by the myosin preparation, had no 
effect on its birefringence or viscosity. Other pyrophosphate com- 
pounds, including ADP and thiamin pyrophosphate, also had no effect. 
Although treatment with other substances, such as urea or certain 
cations, produced a fall in birefringence, the molar concentration re- 
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quired was several hundred times the optimum concentration of ATP. 
Furthermore, these substances do not produce a simultaneous fall in 
viscosity and there is no spontaneous reversal. However, when bire- 
fringence has been lowered by these substances it can be restored by 
precipitating and redissolving the protein. This may indicate that the 
reversibility observed with ATP is merely due to hydrolytic removal 
of the ATP rather than to recharging of the myosin fibrils by the 
energy released on ATP hydrolysis. 

Although the English and Russian workers both agree, in their 
latest publications (36, 41), that the immediate effect of ATP on 
myosin is the result of an enzyme-substrate type of combination of 
ATP with myosin, and not of the hydrolysis of ATP or of the phos- 
phorylation of myosin, their experimental results disagree inasmuch 
as the former believe that the combination results in a contraction, 
while the latter find that combination results in an extension of the 
myosin fibril. 

The observed effects of ATP on myosin may possibly be related to 
changes in the potassium content of myosin, since Montigel (52) 
reports that treatment of crude myosin solutions with ATP, ADP, 
choline, or acetylcholine causes a marked decrease in the potassium 
content of the myosin obtained on subsequent dilution and washing 
with water. 

Inorganic pyrophosphatase —This enzyme, in contrast to adeno- 
sinetriphosphatase, is activated by magnesium ions and inhibited by 
calcium ions (34). 

Diethyl or diphenyl pyrophosphatase.—These enzymes have a wide 
distribution. The ratio of the concentration of pyrophosphatase to 
glycerophosphatase is greater in certain plants than in animal sources 
(53). Basidiomycetes (19) contain two pyrophosphatases with pH 
optima at about 4 and 6, respectively. 

Cocarboxylase phosphatase. — The dephosphorylation of diphos- 
phothiamin by “top yeast’ phosphatase involves the rapid splitting 
of the pyrophosphate linkage followed by the slower splitting of the 
ester linkage of monophosphothiamin (54, 55). Both reactions are 
inhibited in the presence of thiamin (55). Thiamin also inhibits the 
splitting of glycerophosphate by top yeast phosphatase (56) but does 
not inhibit the splitting of either diphosphothiamin or glycerophos- 
phate by animal tissue enzymes (56, 57). Cocarboxylase when com- 
bined with protein to form carboxylase is not so readily attacked by 
phosphatase as when in the free state (58, 59). 
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CREATION OF PHOSPHATE BONDS 


The reactions discussed in the previous section are practically irre- 
versible under physiological conditions. The reactions in the table 
below are those by which inorganic phosphate can be taken up by or- 
ganic compounds. There are two main types, those catalyzed by phos- 
phorylase, and the remainder in which phosphate esterification is asso- 
ciated with oxidation. They have this in common: in both types 
phosphoric acid plays a role commonly played by water, and a reaction 


TABLE II 
CREATION OF PHOSPHATE Bonps 
Type of Reaction Substrate Product 
| | ] | | | 
F | —C—O—C— + HOP = —¢—o—P = + HO—-C— 
Phosphorolysis ... 4 | ] l j | 
| poly- or di- Guys poly- or mono- 
{ saccharide phosphate seucthesite 
i T Rr | 
' l | 
Dehydrogenation. . —C=0 + HOP sad a r = + 6m 
aldehyde carboxyl- 
phosphate 
( oO 90 
lt COOH Yo ( O ins - 2 
Dehydrogenation. . _—F l - VF = + H + CO, 
a-keto acid carboxyl- 
( phosphate 
- O—P = 
l = CH—COOH - nol = c= ¢ e : 2 
Dehydrogenation. . = r , a a = €—COOH+ 2H 
unsaturated enol-phosphate 
{ acid 
(- HI 
—CH,—CH,—COOH + HOP = ? + 2H 
Dehydrogenation. . | 


energy-rich 


saturated phosphate bond 


acid 


which would otherwise be irreversible becomes reversible. The gluco- 
sidic linkages in a di- or polysaccharide are split irreversibly by a hydro- 
lytic enzyme but are split reversibly by phosphorylase to form glucose-1- 
phosphate. Biological oxidation of certain substances containing double 
bonds can be interpreted in terms of the addition of water and the 
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irreversible removal of hydrogen, or as the addition of phosphoric acid 
and the reversible removal of hydrogen. 


PHOSPHORYLASE 


Polysaccharide phosphorylase —This is the enzyme that catalyzes 
the first step in the degradation of polysaccharide (starch or glycogen) 
or, since the reaction is reversible, the last step in its synthesis, 
according to the reaction, polysaccharide + inorganic phosphate 
= glucose-1-phosphate. Thus a glucose unit is esterified with phos- 
phate by a process of phosphorolysis. 

The synthesis of dextran from sucrose (60) in bacteria, is anal- 
ogous to the synthesis of polysaccharide from Cori ester. Maltosidic 
units are formed and fructose instead of inorganic phosphate is liber- 
ated. Similarly, an enzyme extracted from certain bacteria forms 
levan, a non-reducing polysaccharide consisting of fructose units, from 
sucrose, with the production of reducing sugar (61). 

The detailed procedure for the preparation of the crystalline muscle 
phosphorylase has been reported (62). The molecular weight, deter- 
mined by the ultracentrifuge, is between 340,000 and 400,000 (63). 
Cysteine increases the solubility and the activity of the crystalline 
enzyme. AMP also increases its activity but the enzyme shows about 
65 per cent of its maximum activity without added AMP (64). Under 
optimal conditions, 4 x 10* molecules of glucose-1-phosphate are con- 
verted to polysaccharide per molecule of enzyme per minute at 30° 
(65). Although the ratio, inorganic phosphate to glucose-1-phosphate, 
at equilibrium varies considerably with pH, the ratio of the divalent 
ions of these two acids remains constant at a value of about 2 (65, 66). 
The inhibition of phosphorylase by glucose (65, 67), phlorhizin, or 
ammonium sulfate (65) is counteracted by small amounts of adenylic 
acid. 

The crystalline muscle phosphorylase can be converted, by incu- 
bation with trypsin at pH 6, or by incubation with “PR” enzyme, to a 
more soluble form which is inactive without added AMP but is restored 
to its original activity in the presence of added AMP. The “PR” 
enzyme is a euglobulin present in muscle and spleen extracts (64). 

Phosphorylase requires added glycogen for the synthesis of poly- 
saccharide. This fact and the effect of varying concentrations of the 
added glycogen have led to the formulation of the theory (65) that the 
reaction is in reality glucose-l-phosphate ++ terminal glucose units 
= maltosidic chain units + inorganic phosphate. That is, the added 
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glycogen actually enters into the reaction, and “polysaccharide syn- 
thesis consists in a lengthening of the side chains of glycogen by addi- 
tion of glucose units in 1:4 glucosidic linkage.” 

The polysaccharide formed by both potato phosphorylase (68, 69) 
and crystalline muscle phosphorylase (70) has been found to consist 
of long unbranched chains of glucopyranose units joined in 1 : 4 gluco- 
sidic linkages. 

Crystalline phosphorylase acting with a supplementary enzyme 
obtained by Cori & Cori (71) from heart or liver produces a branched 
type of polysaccharide resembling glycogen. It is suggested that this 
enzyme may be another type of phosphorylase which can make 1:6 
glucosidic linkages. According to Meyer (72) potato phosphorylase 
can break only 1: 4 linkages, while yeast phosphorylase, which synthe- 
sizes a polysaccharide similar to glycogen, contains enzymes which act 
on both 1:4 and 1:6 linkages. 

Relative amounts of phosphorylase in different tissues have been 
studied recently (67). Stimulation of muscle has no effect on the total 
concentration (64, 73) but decreases the yield of crystalline phos- 
phorylase (64). Phosphorylase is present in adipose tissue (67, 74) 
as is also glycogen (74, 75, 76). Glycogen appears and disappears 
rapidly (75) depending on the nutritional state of the animal, being 
increased when fat synthesis from carbohydrate is taking place and 
after insulin injection (76). 

Disaccharide phosphorylase. — Certain bacterial preparations can 
split sucrose by phosphorolysis into glucose-1-phosphate and fructose 
(77,78). The resulting Cori ester has been isolated and characterized 
chemically. The reaction is reversible and only glucose-1-phosphate 
and fructose can be utilized. Inorganic phosphate is esterified in the 
presence of sucrose but not in the presence of glucose or of fructose. 
Doudoroff (79) has extracted the sucrose phosphorylase from dried 
bacteria and obtained it relatively free from invertase and phosphatase 
by ammonium sulfate precipitation. No coenzyme is needed, and 
glucose inhibits the phosphorolytic process. The equilibrium constant, 
K, which is equal to [sucrose] [inorganic phosphate] /[glucose-1-phos- 
phate] [fructose], has a value of 0.05 at pH 6.6 and of 0.09 at pH 
5.8 at 30°. 

The synthesis of sucrose in sugar cane may also be mediated by a 
phosphorylase, since phosphatase inhibits the formation of sucrose, 
thus suggesting the necessity for participation of a phosphate ester 
(80). 
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PHOSPHATE ESTERIFICATION BY OXIDATION 


The esterification by phosphorylase produces only low-energy 
phosphate bonds. High-energy phosphate bonds are formed from 
inorganic phosphate by phosphorylative oxidation. The essential fea- 
ture of this process is the addition of inorganic orthophosphate to a 
double bond accompanied by dehydrogenation. 

Aldehyde oxidation.—The oxidation of 3-phosphoglyceraldehyde 
involves, according to Warburg, the addition of inorganic phosphate 
to form 1,3-diphosphoglyceraldehyde, which is then oxidized to 1,3- 
diphosphoglyceric acid. Meyerhof & Junowicz-Kocholaty (81) have 
been unable to find any experimental evidence for the intermediary 
formation of 1,3-diphosphoglyceraldehyde in this oxidation, and there- 
fore postulate the formation of a “loose physical addition product.” 
Whether the addition be chemical or physical, the oxidation causes the 
incorporation of inorganic phosphate into carboxyl phosphate, which 
can then react with ADP to form ATP, so that the energy derived 
from the oxidation is conserved in the ATP. Such a synthesis of ATP 
from inorganic phosphate can occur in intact cells during glucose fer- 
mentation (82). 

a-Keto acid oxidation—Lipmann (83) showed that the oxidation 
of pyruvate by L. delbriickii requires, in addition to inorganic phos- 
phate, a divalent cation, cocarboxylase and flavine adenine dinucleo- 
tide, and that the products of oxidation are acetyl-phosphate and carbon 
dioxide. Active cell-free extracts have been obtained from E. coli (84) 
and Clostridium butylicum (85) which catalyze a similar reaction but 
require an unidentified heat-stable factor. 

Lipmann (3) has suggested that the oxidation product can function 
either as a phosphate donor or an acetate donor. There is indirect evi- 
dence that acetyl-phosphate can acetylate p-aminobenzoic acid in vivo 
(86) and choline (87, 88) in tissue extracts. 

The general participation of inorganic phosphate in aerobic oxida- 
tions in animal tissues is indicated by the fact that its addition increases 
the oxygen consumption of a wide variety of tissues in vitro (89, 90). 
The incorporation of inorganic phosphate into a high-energy phos- 
phate bond during such oxidation has been demonstrated by many 
workers, either by adding a large amount of AMP and showing ATP 
synthesis, or by adding a catalytic amount of adenine nucleotide and 
a large amount of a phosphate acceptor such as creatine, glucose, or 
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hexosemonophosphate. However, the direct demonstration in animal 
tissues of phosphorylated oxidation products similar to acetyl-phos- 
phate has not yet been achieved. 

The oxidation of pyruvate in tissue dispersions requires the pres- 
ence of inorganic phosphate, and catalytic amounts of a divalent cation, 
thiamin pyrophosphate, a 4-carbon dicarboxylic acid, and adenine nu- 
cleotide (91). Potassium ion, although not stimulating the oxidation, 
has been found to increase the amount of phosphate esterification 
coupled with pyruvate oxidation (92). The stimulatory effect of in- 
organic phosphate and adenine nucleotide has also been observed with 
other a-keto acids, namely a-ketoglutarate (93) and a-ketobutyrate 
(94). Phosphate can be replaced by arsenate in the anaerobic dehy- 
drogenation of pyruvate or a-ketobutyrate by brain dispersions (94) 
and in the aerobic oxidation of pyruvate by L. delbriickii (83), but not 
in the aerobic oxidation of pyruvate or a-ketobutyrate by brain dis- 
persions (94), or of a-ketoglutarate by heart extract (93). The oxida- 
tion of a-ketoglutarate to succinate does not require the addition of a 
4-carbon-dicarboxylic acid (93). This may indicate that the latter, 
although necessary for the complete dehydrogenation of pyruvate by 
way of the citric acid cycle, is not essential for the transport of the 
hydrogen to oxygen. 

Ochoa finds that the one-step oxidation of a-ketoglutarate to suc- 
cinate (93) can give the same amount of phosphate esterification pet 
atom of oxygen as that observed in the complete oxidation of pyruvate 
(95) by heart extract, namely three atoms of phosphorus per atom of 
oxygen. Such a ratio cannot be accounted for by the mechanism de- 
scribed above by which the removal of a pair of hydrogen atoms from 
the substrate is accompanied by the esterification of only one molecule 
of phosphate. The subsequent transfer of hydrogen to oxygen would 
seem to bring about the esterification of two additional molecules of 
phosphate. The energy derived from the passage of two hydrogen 
atoms from the potential level of the a-keto acid to that of oxygen is 
equivalent to that required for the formation of five energy-rich phos- 
phate bonds, so that the observed esterification corresponds to an effi- 
ciency of 60 per cent (95). 

Succinic acid oxidation—-When succinate is used as substrate, 
its oxidation to fumarate causes the esterification of not more than 
one molecule of phosphate (95, 96). The lower ratio of phos- 
phorus to oxygen in this case is to be expected, in view of the rela- 
tively high potential of the succinic-fumaric system. The mechanism 
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by which inorganic phosphate is taken up in this case remains to be 
elucidated. 

Malic acid oxidation.—In the oxidation of malic acid to oxaloacetic 
one might expect, on the basis of the potential of this system, the 
esterification of two phosphate molecules per atom of oxygen. No 
exact measurements of this ratio are available, but it has been shown 
by Kalckar (2) and since confirmed (97) that malic acid oxidation can 
cause the uptake of inorganic phosphate with the formation of phos- 
phopyruvate. The mechanism for this reaction as proposed by Lip- 
mann (3) involves the addition of inorganic phosphate to fumarate 
followed by oxidation to phospho-(enol)-oxaloacetate (type 2c) which 
could then be decarboxylated to phosphopyruvate. 

Fatty acid oxidation —The esterification of inorganic phosphate 
appears to be involved in the oxidation of saturated fatty acids. A 
dialyzed extract of adipose tissue has been found to catalyze the re- 
duction of methylene blue by long chain fatty acids only in the presence 
of inorganic phosphate and AMP (98). No detectable amount of in- 
organic phosphate disappeared, as might be expected, since the com- 
plete reduction of the methylene blue could have caused the esterifica- 
tion of only 0.1 per cent of the phosphate present. Mufioz & Leloir 
(97) find that the aerobic oxidation of certain lower saturated fatty 
acids by an enzyme preparation from liver requires not only inorganic 
phosphate and adenine nucleotide, but also fumarate, cytochrome-c, 
and magnesium or manganese ions. When the fatty acid is omitted 
from this system, fumarate is oxidized, inorganic phosphate disap- 
pears, and phosphopyruvate accumulates, presumably according to 
the mechanism described above. However, when fatty acid is being 
oxidized, no inorganic phosphate disappears and no phosphopyruvate 
accumulates. The necessity for phosphate in the oxidation of fatty 
acids remains to be explained. As is the case with succinate, there are 
no double bonds at which an addition of phosphate might be expected. 

According to the multiple alternate oxidation theory, when a C,, 
fatty acid is oxidized, four molecules of acetoacetic acid are formed. 
Recent work (99, 100) indicates that the latter may be oxidized, like 
pyruvate, via the citric acid cycle. If so, the energy derived from the 
complete combustion of fat, as well as carbohydrate, may be stored 
in energy-rich phosphate bonds. 

Oxidative formation of inorganic pyrophosphate-——Another type 
of phosphate esterification coupled with oxidation occurs in liver dis- 
persions (95, 101) and molds (102) in which inorganic phosphate 
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disappears and inorganic pyrophosphate has been isolated as the 
product. The pyrophosphate may have been formed from a labile 
organic compound during isolation. 


PHOSPHATE TRANSFER 


Phosphate transfer from one linkage to another can occur either 
intramolecularly or between two molecules. Whereas the latter always 
requires the intermediation of adenine nucleotides, the former can 
occur without them. 


TABLE III 
PHOSPHATE TRANSFER 


(a) Intermolecular Transfer of Phosphate 


ADP + phosphopyruvate ~ ATP + pyruvate 


ATP formation.......... ADP + 1,3-diphosphoglycerate = ATP + 3-phosphoglycerate 


ADP + acetylphosphate ~ ATP + acetate 
Storage of energy-rich 


phosphate bonds....... ATP + creatine = ADP + phosphocreatine 
ATP + arginine = ADP + phosphoarginine 


a a ee } ATP + glucose > ADP + glucose-6-phosphate 


ATP + fructose-6-phosphate > ADP + fructose-1,6-diphosphate 
Internucleotide phos- 


phate transfer......... ADP + ADP= ATP+ AMP 
(b) Intramolecular Transfer of Phosphate 


glucose-1-phosphate = glucose-6-phosphate 
3-phosphoglycerate = 2-phosphoglycerate 


INTERMOLECULAR TRANSFER OF PHOSPHATE 


The adenine nucleotides have the ability to take part, as substrate, 
in a wide variety of enzyme-substrate combinations, so that ADP (or 
AMP) can accept phosphate from a wide variety of energy-rich phos- 
phate compounds formed at the expense of metabolism. The energy- 
rich phosphate bond of the ATP so formed can be utilized: (a) by 
hydrolysis, or (b) to phosphorylate a large number of compounds ; or 
it can be stored by transfer of the terminal phosphate to creatine or 
arginine. It is of some interest that the adenylthiomethylpentose of 
yeast, which Lipmann (3) has suggested may play an analogous role 
in methyl transfer, appears to have exactly the same configuration as 
muscle adenylic acid, but with a thiomethyl instead of a phosphate group 
on the C; of d-ribose (103). 

In addition to the well-known adenine-9-d-ribose-5’-phosphoric 
acid mononucleotides (AMP, ADP, ATP) from muscle, there are 
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other nucleotides which can play a similar role in the transport of 
phosphate. These include the di-(adenosine-5’-phosphoric acid) nu- 
cleotide isolated from yeast by Kiessling & Meyerhof (104) and a new 
coenzyme isolated from yeast by Ohlmeyer (105, 106) but not yet 
completely identified. The new coenzyme is reported in fact to be 
much more effective than the nucleotides from muscle in catalyzing 
the fermentation of hexosemonophosphate by either yeast or muscle 
extracts. However, its greater effectiveness in this system is difficult 
to explain, since it is no more effective than the known mononucle- 
otides in any of the transphosphorylation reactions studied, including 
the transfer of phosphate from phosphopyruvate to hexosemonophos- 
phate or creatine. Like ADP and di-adenosinetetraphosphate, the new 
coenzyme contains 50 per cent of its phosphate in acid-labile form and 
shows the typical ultra-violet absorption maximum at 260 mu, but 
differs in that it has a low amino-nitrogen content. Its silver salt is 
less soluble than that of the known monoadeninenucleotides and its 
stability is reported to be greater than that of the known diadenine- 
nucleotides. Unlike ADP, but like diadenosinetetraphosphate, it can- 
not be further phosphorylated by phosphopyruvic acid. 

ATP formation.—Although a large number of “energy-rich”’ phos- 
phate compounds, capable of phosphorylating ADP or AMP, are 
probably formed at the direct expense of metabolism, only diphospho- 
glycerate, acetylphosphate, and phosphopyruvate have been isolated 
so far. 

Boyer et al. (92, 107) have presented indirect evidence that potas- 
sium ions (or ammonium ions) specifically stimulate while calcium 
ions and oxalate inhibit the reaction of phosphopyruvate with AMP 
or ADP. They report that magnesium or manganese ions in addition 
to potassium are essential for this transfer. In a direct study of the 
reaction of phosphopyruvate with ADP a marked stimulation by 
potassium ions was found (38). The reaction with ADP proceeds much 
more rapidly than that with AMP (92, 107). In cell-free preparations 
of E. coli, the reaction of phosphopyruvate with AMP was not affected 
by potassium but markedly stimulated by magnesium or manganese 
ions and inhibited by fluoride (108). 

The dephosphorylation of phosphopyruvate usually proceeds by 
way of the above reaction with adenine nucleotide followed by adeno- 
sinetriphosphatase action. The liberation of inorganic phosphate from 
phosphopyruvate (or phosphoglycerate) in the absence of adenosine- 
triphosphatase, but in the presence of catalytic amounts of adenine 
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nucleotide, is due to the formation of 1,3-diphosphoglycerate which 
undergoes non-enzymatic hydrolysis to some extent during incubation 
(109). This compound, if not hydrolyzed during incubation, would 
certainly undergo complete hydrolysis during the inorganic phosphate 
estimation. This type of dephosphorylation probably has no physio- 
logical importance (109). The acceleration of this dephosphorylation 
by arsenate is due to the fact that the reduction of 1,3-diphospho- 
glycerate to yield 3-phosphoglyceraldehyde and inorganic phosphate, 
is not counterbalanced by the oxidation of 3-phosphoglyceraldehyde, 
which proceeds in the presence of arsenate without uptake of inorganic 
phosphate (109). 

Storage of energy-rich phosphate bonds. — Phosphocreatine (in 
vertebrates) is usually regarded as the storehouse for energy-rich 
phosphate bonds, derived from ATP according to the reaction, ATP 
(ADP) + creatine = phosphocreatine + ADP (AMP). When ATP 
is being utilized, the reaction can proceed in the opposite direction. 

Evidence has been presented that phosphocreatine can serve as the 
source of energy for the discharge of electrical impulses in the electric 
organ of Electrophorus electricus (111). It is suggested that the 
energy of phosphate bonds is used for the resynthesis of acetylcholine 
(87). 

The rapid rate at which the phosphate of ATP and phospho- 
creatine is renewed from intracellular inorganic phosphate during 
resting metabolism is well illustrated by the experiments of Furchgott 
& Shorr (112). Cardiac muscle slices, after respiring at 37°, in a 
medium containing radioactive inorganic phosphate, were washed free 
of the highly radioactive extracellular phosphate. The remaining intra- 
cellular inorganic phosphate showed a much lower radioactivity, cor- 
responding exactly to that of the terminal phosphate of ATP and the 
phosphate of phosphocreatine. The other labile phosphate group of 
ATP was relatively low in radioactivity, as might be predicted from 
its lower reactivity in enzymatic reactions. In view of the low rate 
of exchange between intracellular and extracellular inorganic phos- 
phate in comparison with the rapid rate of incorporation of intra- 
cellular inorganic phosphate into ATP and phosphocreatine, it is not 
surprising that Sacks (113) and Flock & Bollman (114) failed to 
find an increase in the radioactivity of the organic phosphate fractions 
of muscle upon stimulation. It is generally agreed that the rate of 
exchange between extra- and intracellular inorganic phosphate is not 
increased during work (114, 115). Furchgott & Shorr (112) found 
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that at 2° metabolism was sufficiently slowed so that the intracellular 
inorganic phosphate showed a higher radioactivity than the organic 
phosphate fractions. This indicates that inorganic phosphate can enter 
the cell directly without the mediation of the organic phosphate carrier 
postulated by Sacks (116). 

Utilisation of ATP.—The utilization of the pyrophosphate bond 
energy of ATP for the formation of energy-poor phosphate bonds, as 
in the formation of fructose-1,6-diphosphate from fructose-6-phos- 
phate, is an irreversible reaction accompanied by the release of a large 
amount of free energy. 

In addition to glucose and fructose-6-phosphate, a wide variety of 
other compounds containing alcoholic hydroxy! groups have been 
shown to accept phosphate from ATP. These include various free 
hexoses, glycerol, adenosine (96), gluconic acid (117), thiamin (54), 
and diphosphopyridine nucleotide. Although it has been reported that 
oxidation can cause an increased phosphorylation of glycogen (118), 
glycogen undoubtedly does not accept phosphate from ATP, but under- 
goes phosphorolysis, ultimately forming fructose-6-phosphate, which 
can then act as phosphate acceptor. 

Formation of hexosemonophosphate. — The enzyme hexokinase 
which catalyzes the transfer of phosphate from ATP to hexoses is 
probably present in all cells which can ferment glucose. Huszak (119) 
reports that the hexokinase of brain is present in the gray, but not in 
the white matter. Hexokinase from yeast catalyzes the reaction, ATP 
+ glucose — ADP + glucose-6-phosphate. ADP can be isolated in 
this way, since it can not act as phosphate donor to glucose in this 
system (120). The possibility of a primary formation of glucose-1- 
phosphate, followed by conversion to glucose-6-phosphate has been 
ruled out (120). Fructose is also phosphorylated at carbon atom 6 by 
yeast hexokinase (121), but there may be an enzyme in liver which 
can cause its phosphorylation in position 1, since when fructose is 
added to respiring liver dispersions, fructose-1-phosphate can be iso- 
lated in large amounts from the phosphoric esters which accumulate 
in the presence of fluoride (121). Fructose-1-phosphate has also been 
isolated from the esters which accumulate in liver dispersions incu- 
bated without addition of fructose (122). Kosterlitz (123) reports 
that about 25 per cent of the mixture of esters isolated from the liver 
of rabbits fed galactose can be identified as galactose-1-phosphate by 
comparison with the properties of the synthetic ester. Galactose ad- 
ministration also appeared to cause a slight increase in the glucose- 
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1-phosphate content of the liver. Since the rates of fermentation of 
glucose-1-phosphate and galactose-l-phosphate by extracts of galac- 
tose-adapted yeast were found to be identical, while those of glucose 
and galactose differed, the author proposes that an equilibrium, galac- 
tose-1-phosphate = glucose-1-phosphate, may exist (124). Such a 
scheme could explain the formation of glycogen from galactose in the 
liver, as well as the formation of fructosediphosphate during fermenta- 
tion of galactose in yeast extract. 

The phosphorylation of glucose in respiring kidney dispersions 
containing inorganic phosphate and AMP is reported by Beck (13), 
in confirmation of Kalckar, to be inhibited by concentrations of phlorhi- 
zin low enough to satisfy Lundsgaard’s hypothesis that phlorhizin pre- 
vents glucose reabsorption by inhibiting its phosphorylation. It re- 
mains to be determined whether it was the transfer of phosphate from 
ATP to glucose (hexokinase) or the oxidative synthesis of ATP which 
was inhibited by phlorhizin in these experiments. 

The same question arises in the experiments of Kaplan & Green- 
berg (125), who found that the administration of glucose to rats given 
trace doses of radioactive phosphate caused an increase in the amount 
of P** in the ATP of the liver in normal animals, but not in animals 
poisoned with phlorhizin, malonate, or fluoride. Administration of 
insulin alone also increased the amount of P** in the ATP, the greatest 
increase being found when both glucose and insulin were administered. 
The increase in the amount of P* in the ATP and inorganic phosphate 
fractions was due, at least in part, to actual increases in the amounts 
of these fractions after insulin administration (126). Sacks (127) re- 
ports that glucose administration to cats given radioactive inorganic 
phosphate did not increase the radioactivity of the ATP or phospho- 
creatine fractions of muscle but that insulin plus glucose caused a 
marked increase in the turnover of both organic phosphate fractions. 

Formation of fructosediphosphate. — Fructose-1,6-diphosphate, 
which accumulates during glucose fermentation by yeast maceration 
juice, can be shown to be formed by the reaction of ATP with fructose- 
6-phosphate. Nilsson (128) and Enders & Sigurdsson (129), who 
consider fructosediphosphate “‘unfermentable” and regard its accumu- 
lation in extracts as an artifact, propose other mechanisms for its for- 
mation. However, since maceration juice lacks adenosinetriphospha- 
tase, the accumulation of fructosediphosphate may readily be explained 
as an increase in the amount of ATP reacting with hexosemonophos- 
phate (1), without resorting to unproved hypotheses. 











174 GREEN AND COLOWICK 


The enzyme catalyzing the reaction between ATP and fructose- 
6-phosphate is reported to be strongly inhibited by oxidizing agents. 
This inhibition is believed by Engelhardt & Sakov (130) to account for 
the Pasteur effect in yeast by blocking the fermentation pathway and 
allowing the oxidation of hexosemonophosphate by way of phospho- 
gluconic acid (117). Evidence that the divergence between oxidative 
and anaerobic breakdown of carbohydrate may occur at the hexose- 
monophosphate rather than at the pyruvate stage in animal tissues is 
presented by Tanko (131) who finds carbon dioxide production aero- 
bically from glycogen but not from fructosediphosphate in muscle dis- 
persions. 

The rate of formation of fructosediphosphate from ATP and 
hexosemonophosphate is reported to be remarkably stimulated by 1,2,4- 
or 1,2,5- but not by 1,2,6-dinitrophenol in a concentration of 10°M 
(132). This conclusion is based on the fact that the rate of carbon di- 
oxide production and phosphate esterification during the inductive 
phase of fermentation of glycogen, glucose, or hexosemonophosphate in 
Lebedew juice is stimulated, while fermentation of fructosediphosphate 
is not influenced. 

M yokinase.—Studies of the various enzymatic reactions by which 
phosphate is transferred to and removed from the adenine nucleotides 
reveal that the terminal phosphate of ATP is much more reactive 
than that of ADP; e.g., only the terminal phosphate of ATP can be 
split off by myosin or transferred to glucose by hexokinase, and, in 
the reverse direction, ADP is much more readily phosphorylated by 
phosphopyruvate or diphosphoglycerate than is AMP. Myokinase, a 
water-soluble enzyme found most abundantly in muscle, makes both 
labile phosphate groups equally reactive by catalyzing the reaction, 
2 ADP = ATP + AMP (133). Myokinase appears to be specific 
for adenine nucleotides, since it has no effect on IDP (42). Although 
first detected by its ability to bring about the transfer of the terminal 
phosphate group of ADP to glucose in the presence of hexokinase 
(120) and by its ability to effect the hydrolysis of ADP by myosin 
(134), it is conceivable that myokinase might also increase the 
rate of phosphorylation of AMP by phosphopyruvate or diphospho- 
glycerate. 

Myokinase is extremely stable, retaining 80 per cent of its activity 
after boiling for 10 minutes in 0.1 N hydrochloric acid, and appears 
to contain essential sulfhydryl groups (120). The enzyme, when par- 
tially purified, requires magnesium ion for optimal activity, and when 
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acting on ADP, can catalyze the transfer of about 4 ug. phosphorus per 
ug. protein per minute at 30° and optimal pH, 7.5; this corresponds 
to a turnover of more than 10,000 moles of phosphate per 100,000 
grams of protein per minute. At equilibrium, about two-thirds of the 
added ADP has been converted. The same position of equilibrium 


appears to be reached when equimolar amounts of ATP and AMP 
are used as substrate (133). 


INTRAMOLECULAR TRANSFER OF PHOSPHATE 


Phosphoglucomutase. — This enzyme, which catalyzes the trans- 
formation of glucose-l-phosphate to glucose-6-phosphate has been 
obtained free from other enzymes acting on these two substances 
(135). Pure glucose-6-phosphate can be prepared from glucose-1- 
phosphate with the enzyme, since the equilibrium mixture contains 
95.5 per cent glucose-6-phosphate at 30°. 

The rate of esterification of inorganic phosphate with glycogen 
in various types of muscle depends on the rate of removal of glu- 
cose-l-phosphate by phosphoglucomutase (73) so that measurement 
of the rate of inorganic phosphate disappearance is not a true meas- 
ure of phosphorylase activity. The low rate of glycogen phosphory- 
lation in certain tissues is due to low phosphoglucomutase activity 
(67, 74). 

According to Montigel & Verzar, the rate of esterification of in- 
organic phosphate in fluoride-poisoned, glycogen-supplemented muscle 
brei from adrenalectomized animals is much lower than with normal 
animals but can be increased to normal by addition in vitro of desoxy- 
corticosterone (136). This interesting observation, if confirmed, would 
merit further work to determine which enzyme in the crude muscle 
brei was actually affected by desoxycorticosterone. Muscle from 
adrenalectomized animals maintained with desoxycorticosterone (136) 
or salt (67) showed the normal rate of inorganic phosphate esterifi- 
cation. 

Phosphoglyceromutase—Whereas phosphoglucomutase activity is 
increased by divalent ions, phosphoglyceromutase appears to be in- 
hibited by magnesium ions (108). The ratio of 3-phosphoglyceric 
acid to 2-phosphoglyceric acid at equilibrium at 20° has been calcu- 
lated by Warburg (137) to be 2.67. This value is much lower than 


the values reported by Utter & Werkman (108) and Meyerhof & 
Schulz (138). 
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REACTIONS INVOLVING NO CHANGE IN POSITION 
OF PHOSPHATE 


The reactions considered in this section and outlined in the table 
are limited to certain reversible reactions involved in carbohydrate 
fermentation, in which the phosphate group remains attached to the 
same carbon atom. No mention is made of many more such reactions 
of known biological importance, especially reactions involving phos- 
phorylated derivatives of thiamin, riboflavin, nicotinic acid, and accord- 
ing to more recent work, a-tocopherol (139). 


TABLE IV 
REACTIONS INVOLVING No CHANGE IN POSITION OF PHOSPHATE 


Type of Reaction Specific Reaction 
Reversible aldol condensation.... fructose-1,6-diphosphate = glyceraldehyde phosphate + 
dihydroxyacetone phosphate 
Equilibrium between keto- 


SOS Se gee aay ae glucose-6-phosphate = fructose-6-phosphate 


l glyceraldehyde phosphate = dihydroxyacetone phosphate 


PD ste ceccbddsobetons 2-phosphoglycerate = phospho-(enol) pyruvate + H,O 


Aldolase—This is the enzyme which splits fructose-1,6-diphos- 
phate into two triosephosphate molecules. The equilibrium constant 
for the aldolase reaction at various temperatures has been redeter- 
mined (81). 

Warburg & Christian (140) have crystallized aldolase from a 
water extract of rat muscle, fractionating first with acetone and then 
with ammonium sulfate. At 38° and pH 7.4, 100,000 gm. of enzyme 
catalyze the breakdown of 7000 moles of hexosediphosphate per 
minute. In 1940, Herbert et al. (141) purified aldolase by fractional 
ammonium sulfate precipitation of a water extract of rabbit muscle 
and found that, at 38° and pH 7.3, 100,000 gm. of enzyme would 
split 3300 moles of hexosediphosphate per minute. Neither enzyme 
preparation contained metal ions. Engelhardt (35) reported that 
crystalline myogen (prepared according to Baranowski) showed aldo- 
lase activity which was retained after recrystallization for as many 
as four times. The activity reported is only a fraction of that of the 
Warburg crystals. 

The activity of the crystalline enzyme of Warburg is not affected 
by complex formers, such as a-a’-dipyridyl, pyrophosphate, or cysteine. 
A partially purified enzyme from yeast (140) is inhibited by the above 
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complex formers. According to Warburg, enzymes so inhibited are 
dissociable compounds of heavy metals and the metal can be split off 
if the concentration of the free metal salts in the solution becomes suf- 
ficiently low. The inactivation by cysteine can be counteracted by the 
addition of divalent zinc, iron, cobalt, or copper ions, which combine 
with the cysteine. This combination is an equilibrium reaction govern- 
ing the amount of free metal ion, so that the actual concentration of free 
metal ion bringing about reactivation is extremely low (of the order of 
10°M for Zn). Reactivation by ferrous and cobaltous ions occurs only 
in nitrogen, since these ions are converted to the trivalent form in the 
presence of oxygen. 

Triosephosphate isomerase. — Meyerhof & Junowicz-Kocholaty 
(81) have devised a new method for measuring small amounts of 
glyceraldehyde phosphate and have determined directly the equilibrium 
constant for the isomerase reaction (dihydroxyacetone phosphate) / 
(glyceraldehyde phosphate) ; they find it to be 20 to 25. This same value 
was obtained with either purified isomerase, or crude preparations 
containing aldolase (81), and also in determinations with ground 
E. coli (143). 

Enolase. — Enolase catalyzes the formation of 2-phospho-(enol ) 
pyruvate, containing an “energy-rich” phosphate bond, by the removal 
of water from 2-phosphoglycerate. The details of the method of crys- 
tallization of the enzyme as the inactive mercury salt have now been 
reported by Warburg & Christian (137). The yield is about 1 gm. 
of crystalline enzyme per kilo of dried brewers’ yeast. 

When freed of mercury, and combined with magnesium, manga- 
nese or zinc ions, the enzyme becomes active. The dissociation con- 
stant of the magnesium-enolase compound is 2.8 X 10°°M at pH 6.74 
and 6.1 & 10*M at pH 7.34. When fully saturated with magnesium, 
50,000 gm. of protein are combined with 1 gm. mole of magnesium. 

The enzyme is half-saturated with substrate by 1.5 x 10¢*M 
2-phosphoglycerate. When saturated, 10° gm. of enzyme convert 9900 
moles of substrate per minute at 20° and pH 7.34. At equilibrium, 
the ratio of phosphopyruvate to 2-phosphoglycerate is 1.43. This 
value is lower than that found by Utter & Werkman (108) and Meyer- 
hof & Schulz (138). 

Massart & Dufait (11) and Utter & Werkman (108) reported 
independently of Warburg that enolase activity was increased by mag- 
nesium and manganese ions and attributed the fact that the magnesium 
enzyme was more strongly inhibited by fluoride than the manganese 
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enzyme to a greater stability of the magnesium-fluoride complex. 
These findings, as well as the observation of Meyerhof & Schulz (138) 
that the inhibition of enolase by fluoride is much decreased when in- 
organic phosphate is removed, are now explained by the following 
relationship between inhibition and the concentrations of phosphate, 
magnesium, and fluoride (137): 


residual action 
a 





Cu x C* aecride x C sacophate xX - in ° 
inhibited action 


K = 3.2 x 10°" at pH 7.34 and 20°. 


The inhibition is due to the reversible replacement reaction: Magne- 
sium fluorophosphate + magnesium enolase (active) <= Magnesium 
fluorophosphoenolase (inactive) -+- magnesium salt. Arsenate, but 
not pyrophosphate, can replace phosphate in these reactions. The in- 
hibition of carboxylase by fluoride involves a different mechanism, 
since it is not influenced by phosphate concentration (137). 

Extracts of E. coli or of mammalian tissues capable of dehydrating 
phosphoglyceric acid are also able to dehydrate serine and remove 
hydrogen sulfide from cysteine in an analogous manner, All three 
types of activity are lost on dialysis and restored by the addition of 
zinc, magnesium, or manganese ions. Fluoride inhibits the action of 
the dialyzed reactivated extracts on cysteine and serine as well as on 
phosphoglycerate. Action of the extract on any of the above sub- 
strates could be inhibited by addition of either of the others (144). 


DETERMINATION, PREPARATION, AND PROPERTIES 
OF PHOSPHATE COMPOUNDS 

Methods of analysis —10-* to 10~* wg. of inorganic phosphate can 
be determined by an ultramicro modification of the Fiske & Subbarow 
method (145). The true inorganic phosphate content of the blood has 
been reported to be much lower than that usually found ; 65 to 70 per 
cent of the so-called inorganic phosphate results from the hydrolysis 
of phosphocreatine (146). Determination of inorganic pyrophosphate 
as the cadmium (148) and manganese (149) salts has been described. 

a-Glycerophosphate has been determined in liver and other tissues 
by periodate oxidation and dephosphorylation of the diosephosphate 
by acid hydrolysis (150) or by alkaline peroxide at room temperature 
(151). B-Glycerophosphate can be determined by transposition to the 
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a-form in strong acid (150, 152). In mixtures of the two forms the 
relative amounts of each can be determined by the rate of hydrolysis 
at a pH greater than 3, where transposition does not take place (152). 
Neuberg & Lustig (153) report that the colorimetric method for the 
determination of phosphoglyceric acid with naphthoresorcinol is un- 
reliable in the case of some biological material. 

Kosterlitz (154) has determined the relative amounts of galactose- 
1-phosphate and glucose-l-phosphate on the basis of the more rapid 
rate of hydrolysis of the former in acid; the method has been applied 
to liver. Identification of glucose-6-phosphate as the osazone and 
fructose-1,6-diphosphate as the phenylhydrazone has been described 
(155). 

A modification of the Bial reaction for determining pentose in 
which the ferric ion is replaced by cupric ion has been applied to the 
estimation of nucleotides (156). A micromethod for the determina- 
tion of the total pentose content of tissues, including acid-insoluble 
pentose nucleoproteins, involves colorimetric determination of fur- 
fural obtained by distillation (157). 

A spectrophotometric method for determination of triphospho- 
pyridine nucleotide enzymatically has been described (158). Phospho- 
lipids have been determined by choline estimation (159) and by elec- 
trometric titration (160). 

Occurrence of phosphorus compounds in tissues—The phospho- 
rylated carbohydrate esters of the autotrophic bacterium, Thiobacillus 
thiooxidans, appear to be identical with those of yeast and muscle (161), 
except for the ATP, which is adenosine-3-triphosphate (162). Other 
bacteria have been found to contain adenosine-5-triphosphate (162). 

The fractionation of the acid-soluble phosphorus compounds of 
cerebral tissue frozen in situ showed the presence of ATP (163, 164), 
phosphocreatine, and compounds tentatively identified as hexose-6- 
phosphate and aminoethylphosphate (163). ATP and phosphocrea- 
tine are destroyed rapidly post mortem (163, 164). The content of 
phosphoglycerol and easily hydrolyzable phosphate of rat liver was 
decreased and inorganic phosphate increased on fasting (165). These 
changes could be reversed by feeding glucose (165). ATP has been 
isolated from liver and identified with that of muscle (166, 167). Frac- 
tionation of shock-producing muscle preparations resulted in the iso- 
lation of ATP which is probably responsible for the observed effects 
(168). Further evidence that adenine nucleotides are liberated from 
damaged cells has been reported (169, 170). Riboflavin phosphate is 
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suggested as the prosthetic group of purified acetoacetic decarboxylase 
(171). The coenzyme for /-lysine decarboxylase contains phosphorus 
(172) as does also the liver preparation active in pernicious anemia 
(173). 

Chemical synthesis.—Glyceraldehyde 1,3-diphosphate (dimeric), 
synthesized by phosphorylation of dimeric d/-glyceraldehyde, is unable 
to replace glyceraldehyde-3-phosphate in various enzymatic reactions 
unless it has been subjected to partial hydrolysis in acid (174). An 
improved method for the synthesis of glyceraldehyde-3-phosphate has 
been reported by the same authors (175). d{—)-3-Phosphoglyceric 
acid and d(-+-)-2-phosphoglyceric acid have been synthesized and 
shown to be identical with the natural products (176). d-Fructose-6- 
phosphate has been prepared from d-fructose-1,6-diphosphate and the 
chemical properties of various salts of both substances described (177). 

The phosphoric and pyrophosphoric esters of thiocholesterol and 
cholesterol (178) and the capric and lauric esters of glycerophosphate 
(179) have been synthesized. Thiamin orthophosphate has been 
synthesized by means of pure pyrophosphoric acid, and thiamin pyro- 
phosphate by means of metaphosphoric acid (180). Adenosine-3- 
phosphate has been synthesized and shown to be identical with yeast 
adenylic acid (181). 

Biological preparation—A method for the precipitation of adenine 
nucleotides with aluminum picrate reagent and its application to the 
isolation of adenine nucleotides from yeast nucleic acid and beef heart 
has been described (182). 

Fructose 1,6-diphosphate (183) and d(—)-3-phosphoglycerate 
(184) have been prepared by means of bakers’ yeast and the same 
compounds together with hexosemonophosphate have been prepared 
from brewers’ yeast from one fermentation mixture (185). 

Physicochemical studies—Physicochemical evidence for the in- 
complete dissociation of acid magnesium phosphate in solutions is pre- 
sented (186). The pK,’ and pK.’ values of galactose-1-phosphoric 
acid are 1.00 and 6.17 (187). The acid strength of mono- and di- 
esters of phosphoric acid has been investigated and interpreted in 
terms of solvation, and inductive, statistical and steric effects. The 
relationship of these effects to the reactivity of biologically important 
phosphate esters is discussed (188). 
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CARBOHYDRATE METABOLISM 
By E. A. Evans, JR. 


The Department of Biochemistry 
The University of Chicago 


The principal advances of the past year in carbohydrate metabolism 
have been in the direction of increased detailed information concerning 
the mechanisms of carbohydrate utilization and precise chemical data 
for many of the enzymes and other substances involved. 


GLYCOLYSIS AND PHOSPHORYLATIONS 


Knowledge of the first step of the glycolytic mechanism has been 
greatly increased by a series of fundamental papers from Cori’s labo- 
ratory (21, 22, 23, 54). Green & Cori (54) have isolated muscle 
phosphorylase in crystalline form from rabbit muscle. The enzyme 
constitutes about 2 per cent of the extractable protein—rabbit muscle 
containing 40 to 80 mg. per 100 gm. The enzyme can be obtained in 
two forms: (a) a crystalline euglobulin, phosphorylase-a, which shows 
60 to 70 per cent of its maximal enzymic activity without the addition 
of adenylic acid, and (>) a more soluble form, phosphorylase-b, which 
has not been crystallized and which is inactive without the addition of 
adenylic acid. Phosphorylase-a can be transformed to phosphorylase-b 
by an enzyme present in muscle and spleen or by trypsin at pH 6. 

Phosphorylase-a is a protein with a molecular weight of from 
340,000 to 400,000. The dissociation constant with adenylic acid is 
1.5 & 10°°M at pH 6.7 and 25°. The enzyme is inhibited by ammo- 
nium sulfate, sodium 6-glycerolphosphate, and phlorhizin. Phlorhizin 
inhibition apparently involves a combination of two molecules of the 
glucoside with one of the enzyme. A competitive inhibition is shown 
by glucose when the enzyme acts on glucose-l-phosphate as a sub- 
strate. 

Phosphorylase-a apparently contains adenylic acid as a prosthetic 
group. While the enzymic conversion of phosphorylase-a to b involves 
the fission of adenylic acid, free adenylic acid, however, cannot be de- 
tected as a product of the conversion. Stimulated muscle contains 
principally phosphorylase-b and it is suspected that the enzyme re- 
sponsible for the removal of the prosthetic group of phosphorylase-a 
is physiologically important. 
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Phosphorylase catalyzes the reaction : 


glucose-1-phosphate + terminal glucose units <$ maltosidic chain 
units + inorganic phosphate. 


The “terminal glucose units” are the end groups of the highly branched 
glycogen molecule. Polysaccharide synthesis by phosphorylase con- 
sists, therefore, in a lengthening of the side chains of glycogen (neces- 
sary in small amounts for the in vitro reaction to proceed) by addition 
of glucose units in a 1 :4-glucosidic linkage. 

The polysaccharide formed by the in vitro action of muscle phos- 
phorylase on glucose-1-phosphate [similar in properties to the poly- 
saccharide synthesized by potato phosphorylase and to the amylose 
fraction from potato starch (60)] is apparently composed of long un- 
branched chains approximately 200 units in length in which the gluco- 
pyranose units are joined in 1 :4-a-glucosidic linkages. Such a struc- 
ture contrasts with the highly branched nature of naturally occurring 
glycogen. However, it is possible to obtain im vitro a polysaccharide 
resembling glycogen by the simultaneous action of muscle phospho- 
rylase and an enzyme present in heart and in liver (23). It seems, 
therefore, that the in vivo synthesis of glycogen involves the partici- 
pation of another enzyme in addition to phosphorylase. 

Montigel has concluded from a study of the kinetics of glycogen 
phosphorylation by muscle brei from normal and adrenalectomized 
animals that desoxycorticosterone is an essential component of the 
enzyme system involved (103). 

There have been several observations pertinent to the effect of 
potassium ions in phosphorylation reactions. Boyer, Lardy & Phil- 
lips (7) have found that potassium ions (in addition to either man- 
ganese or magnesium ions) increased the transfer of phosphate from 
3-phosphoglycerate to creatine by accelerating the phosphate transfer 
from 2-phosphopyruvate to the adenylic acid system. These investi- 
gators also found potassium ions are necessary for the phosphorylation 
of creatine during pyruvate oxidation by minced tissues. Kutscher & 
Krabbenhoft (78) have observed that the four carbon dicarboxylic 
acids when fed as potassium salts gave rise to as much glycogen depo- 
sition as with glucose. While a similar effect is observed with the 
ammonium salts, the sodium salts are without effect. These results are 
regarded as indicating an inhibition by sodium ions rather than a stimu- 
lation by potassium ions. On the other hand, Sayres, Sayres & Orton 
(128) found that the administration of sodium chloride with glucose 
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favored the deposition of glycogen in both the liver and the rest of 
the carcass. Kossel (69) concludes that the action of manganese and 
magnesium ions on carboxylase is to prevent the action of inhibitors. 
The distribution of phosphorylase in various tissues and at various 
stages of the development of the rat has been studied by Shapiro & 
Wertheimer (129). 

Colowick & Kalckar (20) have shown that hexokinase from yeast 
catalyzes the reaction: 


(a). adenosinetriphosphate + hexose — adenosinediphosphate + 
hexosemonophosphate. 


When myokinase from rabbit or frog muscle is also present, Kalckar 
(66) has shown that the following reaction then occurs: 


(b). adenosinediphosphate — adenosinetriphosphate + adenylic 
acid. 


The over-all reaction, (a) plus (b), is represented by equation (c): 


(c). adenosinetriphosphate + 2 hexose — adenylic acid + 2 hexose- 
monophosphate. 


Myokinase is a protein, highly stable to dilute boiling mineral acids 
and precipitable by trichloracetic acid in the cold without inactivation. 

Radioactive phosphorus has again been used to study carbohydrate 
metabolism in various tissues. Bollman & Flock (6), who studied the 
penetration and incorporation of isotopic inorganic phosphate into rat 
muscle, found that the phosphate penetration and uptake into organic 
combination is the same in resting and exercising muscle. The isotope 
content of phosphocreatine in the exercising muscle is apparently 
lower than would be expected if it were derived from inorganic phos- 
phate. Furchgott & Shorr (49) in an admirable study of the same 
problem in cardiac muscle have distinguished between a readily dif- 
fusible, extracellular portion and a poorly diffusible, “bound,” intra- 
cellular fraction of the total inorganic phosphate. The specific activity 
of the intracellular fraction determines the specific activities of the 
organic phosphates. Thus, the isotopic phosphorus content in phos- 
phocreatine in exercising muscle would be expected to be the same as 
in the resting tissue, since the rate of inorganic phosphate penetration 
of the tissue is the same in both cases. 

Furchgott & Shorr have concluded that their data, as well as those 
of Bollman & Flock, are entirely in accord with modern concepts of a 
coupling between phosphorylation and oxidation and the currently 
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accepted scheme for glycolysis. They ascribe the opposing conclusion 
reached by Sacks & Altshuler (126) in earlier work, to difficulties 
involved in the calculation (as contrasted to the measurement) of 
intracellular inorganic phosphate concentrations. 

The demonstration by DuBois & Potter (35) of the presence of 
a calcium-activated adenosinetriphosphatase in various tissues raises 
the question of whether the well-known inhibitory effects of calcium 
on respiration may be interpreted in terms of activation of this enzyme. 
Breusch (8) holds, however, that the effect of calcium on oxygen 
consumption is due to the inhibition of the reduction of oxaloacetate, 
which he regards as a step in hydrogen transport of some tissues. 

Meyerhoff & Junowicz-Kocholaty (102) have redetermined equi- 
librium constants for the reactions catalyzed by the enzymes aldolase, 
isomerase, and zymohexase (aldolase + isomerase). None of these 
equilibria is influenced by the presence of inorganic phosphate or by 
inorganic phosphate plus the oxidizing enzyme of Warburg (1,3-di- 
phosphoglyceraldehyde dehydrogenase) with or without cozymase. 
There is no evidence, therefore, for the formation of the glyceralde- 
hyde diphosphate postulated by Negelein & Bromel (109) as the pre- 
cursor of diphosphoglyceric acid. The addition of inorganic phosphate 
to phosphoglyceraldehyde is believed, then, to involve a loose physical 
addition product of phosphoglyceraldehyde and inorganic phosphate. 
The possible formation of a dimeric form of glyceraldehyde-1,3-di- 
phosphate can be discounted inasmuch as a substance of this compo- 
sition has been synthesized by Baer & Fischer (1) and is not capable 
of enzymic conversion to 1,3-diphosphoglyceric acid. 

Seven of the eleven enzymes involved in the glycolytic system have 
now been isolated in crystalline form. Warburg & Christian (145) 
have isolated “zymohexase”' from rat muscle as a crystalline protein 
by fractional precipitation from ammoniacal ammonium sulfate solu- 
tion. While the crystalline muscle zymohexase does not contain heavy 
metals and is not sensitive to poisoning by pyrophosphate or cysteine, 
yeast zymohexase’ (146), which has not been crystallized, apparently 
contains a dissociable heavy metal (manganese, iron, cobalt, copper) 
as a prosthetic group. 

Biicher has reported, in a preliminary note, the isolation from yeast 
of a crystalline protein which catalyzes the interaction of 1,3-diphos- 


1 Warburg’s zymohexase is the aldolase of Meyerhoff: the latter uses the 
term zymohexase for the system aldolase plus isomerase. 
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phoglyceric acid and adenosinephosphate to yield 3-phosphoglyceric 
acid and adenosinetriphosphate (14). 

Kubowitz & Ott (77) have crystallized the lactic dehydrogenase 
from rat Jensen sarcoma tissue and compared it with the crystalline 
dehydrogenase from normal rat muscle. By all criteria used (cata- 
lytic activity, dissociation constant, crystal form, rate of destruction by 
proteolytic enzymes, and ultraviolet absorption spectrum) both pro- 
teins were found to be identical or very similar. Both enzymes give 
rise to similar antienzymes when injected into the rabbit. It is inter- 
esting to note that the inhibition of lactic dehydrogenase by its anti- 
enzyme was relieved by pyruvic acid, this fact suggesting that the 
antienzyme and substrate combine with the same group in the enzyme. 

Analysis of the serum from normal rats by the optical methods 
developed by Warburg and his associates shows the presence of zymo- 
hexase and isomerase as well as other enzymes of the glycolytic sys- 
tem. In animals having a Jensen sarcoma the quantities of zymohexase 
and isomerase present in the serum are greatly increased (147). Since 
aerobic glycolysis is the outstanding metabolic characteristic of tumor 
tissue, this observation seems of the greatest importance in the meta- 
bolic study of malignant tissues. 


RELATION BETWEEN GLYCOLYSIS AND RESPIRATION 


Numerous explanations for the effect of oxygen in decreasing the 
quantity of lactic acid or alcohol formed by many types of living cells 
have been proposed. Among the causes to which the effect has been 
ascribed are the following: (a) oxidation of intermediary products in 
the fermentation (anerobic) process; (b) resynthesis of carbohydrate 
from fermentation products ; (c) decrease in the formation of fermen- 
tation intermediates due to the effect of oxygen in maintaining a com- 
ponent of the fermentation enzyme system in an oxidized inactive 
form. The third hypothesis was supported by the experiments of 
Laser (79) on rat retina in bicarbonate medium in which it was found 
that the rate of glycolysis depended upon the oxygen tension and not 
on the rate of respiration. Craig & Beecher have confirmed these 
results (25). However, in phosphate buffer, they find that respiration 
and glycolysis of retina vary inversely with changes in oxygen tension. 
The extent to which this effect can be ascribed to the specific effect 
of the buffer is unknown. Laser has shown previously that the absence 
of carbon dioxide from the medium causes qualitative changes in the 
respiration of many tissues (80). 
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Craig & Beecher (26) also found that respiration and glycolysis 
of rat retina were increased when the carbon dioxide content of the 
bicarbonate medium was increased from 1 to 5 per cent. Succinate, 
when added with glucose in a bicarbonate medium, caused increased 
respiration without affecting glycolysis: in phosphate glucose medium, 
the addition of succinate is without effect. These facts, as well as 
earlier observations on tumor glycolysis (148), suggest the advisa- 
bility of examining these tissues for a carbon dioxide fixing reaction. 

A similar reciprocal relationship between glycolysis and respira- 
tion obtains in brain cortex (27) and in bone-marrow cells both in the 
presence and absence of bicarbonate (149). The respiration and gly- 
colysis of the latter tissue has also been studied by Warren & Carter 
(150) under varying mixtures of oxygen and carbon monoxide to 
obviate difficulties caused by diffusion and solubility factors at low 
oxygen tensions. With oxygen-carbon monoxide atmospheres a direct 
reciprocal relationship also exists between glycolysis and respiration. 
Since these data would indicate that the Pasteur enzyme described by 
Stern & Melnick (99, 100, 133) in retina, yeast, and heart muscle has 
the same affinity for oxygen and carbon monoxide as does the respira- 
tory enzyme, Warren & Carter question the existence of an inde- 
pendent Pasteur enzyme in bone marrow and concur in the opinion 
of Craig & Beecher that oxygen tension may act on respiration and 
glycolysis through the mediation of a common agent. 

In opposition to earlier reports by various workers, Fuhrman & 
Field (50) describe experiments which show that iodoacetate inhibits 
both the respiration and anerobic glycolysis of rat cerebral cortex 
slices, although the latter is affected first. They concluded that there is 
no concentration of the drug which will inhibit glycolysis while leav- 
ing respiration unaffected, and that experiments with iodoacetate are 
of questionable value in giving information about the mechanism of 
the Pasteur effect. 


CARBOHYDRATE OXIDATION 


Tricarboxylic acid cycle—It becomes increasingly apparent that 
Krebs’ tricarboxylic (citric) acid cycle, or some modification of this 
scheme, is of basic importance in the mechanism whereby carbohydrate 
is oxidized in a variety of tissues and species [see Breusch (8), how- 
ever]. The scheme, as shown in Fig. 1, is in agreement with all the 
experimental data for pigeon breast muscle, including the data from 
the isotope experiments in liver (43, 158) which precluded the direct 
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intermediate formation of citric acid. Krebs (73) has measured the 
rate of interconversion of the various tricarboxylic acids and has con- 
cluded that the cis-aconitate formed by condensation of pyruvate and 
oxaloacetate would, under physiological conditions, yield predomi- 
nantly isocitric acid so that the observed asymmetric distribution of 
isotopic carbon is compatible with the formulation of Fig. 1. This point 
can be definitely established by careful measurements of the amount of 


isotopic carbon in the second carboxyl group of the isolated a-keto- 
glutarate. 
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Fig. 1.—The Krebs tricarboxylic acid cycle 


Krebs & Eggleston (74) have observed that the polarimetric de- 
termination of isocitric, citromalic, and malic acids by the molybdate 
complex method is invalidated by an effect of citrate itself in increas- 
ing the rotation of these complexes. Earlier values for isocitrate must 
be revised, therefore. Measurements of the equilibrium mixture of 
the tricarboxylic acids in the presence of liver or muscle aconitase at 
pH 6.8 (38°, 0.025 M phosphate buffer) give 6.2 per cent isocitrate, 
4.3 per cent cis-aconitate, and 89.5 per cent citrate. 

Acetate and acetoacetate——Evidence has accumulated to indicate 
that acetic acid and acetoacetic acid are oxidized to carbon dioxide and 
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water by a series of reactions similar to those postulated for the com- 
plete oxidation of pyruvate, i.e., by way of the tricarboxylic acid cycle. 
Lynen (93) has presented evidence that the oxidation of acetic 
acid by yeast occurs by way of the tricarboxylic acid cycle. Acetate 
condenses with oxaloacetate to form a tricarboxylic acid which is oxi- 
dized by way of a-ketoglutarate, succinic semialdehyde, succinate, fu- 
marate, and malate back to oxaloacetate. Virtanen & Sundman (144) 
have shown the accumulation of citrate when barium acetate is oxi- 
dized by yeast—both barium and magnesium ions inhibit the further 
oxidation of the citrate. Lynen (94a) has also shown that malonate 
inhibits both the succinic dehydrogenase of yeast and acetate oxidation, 
and that the inhibition can be removed by the addition of fumarate 
with the formation of an equivalent quantity of succinate for the fu- 
marate disappearing. These effects could be demonstrated with the 
sodium salts of the dicarboxylic acids and macerated yeast, as well 
as with the free acids and suspensions of intact yeast cells. Previous 
failures to demonstrate malonate inhibition could be ascribed to im- 
permeability of yeast cells to the salts of the various acids involved. 
The data with yeast become of more general significance in view 
of the results of Wieland & Rosenthal (157) on animal tissues. In 
an earlier paper these workers showed a rapid aerobic utilization of 
acetate by beef kidney (156). They have concluded now that this 
utilization probably involves, first, the formation of acetoacetic acid, 
then the condensation of oxaloacetate and acetoacetate to form a tri- 
carboxylic acid, and the oxidation of this compound by way of the 
reactions shown in Fig. 1. They have been able to demonstrate an 
aerobic conversion of added oxaloacetate and acetoacetate to citrate, 
in which as much as 80 per cent of the added acetoacetate was ac- 
counted for by citrate formation when the reaction was carried out in 
the presence of barium or magnesium ions. The reaction also occurs 
in beef heart? but not in liver. It is of interest to speculate whether 
such a reaction is concerned in the transient deposition of glycogen 
observed in adipose tissue (153). Breusch (9) in a preliminary note, 
without details, has described an enzyme in muscle, kidney, and brain 
which catalyzes a similar reaction between f-keto acids (including 
acetoacetic) and oxaloacetate to form citrate. 
Ketone bodies——The conclusion of Krebs & Johnston (75), that 
acetoacetate is synthesized from acetate and pyruvate by way of aceto- 
2 Barcroft, McNally & Phillipson have noted the utilization of acetate in the 
isolated perfused heart (5). 
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pyruvic acid, is supported by the work of Lehninger (81) who has 
studied the metabolism of this substance. Acetopyruvic acid is keto- 
genic in the fasting animal and protects against death by insulin hypo- 
glycemia, possibly as the author suggests, by reconversion to pyru- 
vate. The quantitative relationship between acetoacetate and B-hy- 
droxybutyrate in blood and urine of the normal and diabetic human 
has been studied by Stark & Somogyi (132). Neufeld & Ross (114) 
report a decrease during exercise in blood Ketone bodies of humans on 
a ketogenic diet, which suggests an utilization of ketone bodies for 
muscular contraction. An urinary excretion of considerable quantities 
of choline during ketosis by human diabetics has been noted (86). 

Carbon dioxide fixation—The enzymes involved in the initial 
reactions of carbon dioxide fixation have been prepared in the form of 
a cell-free extract of pigeon liver (42). Such extracts contained a heat- 
sensitive enzyme, activated by manganese ions, which catalyzes the 
decarboxylation of oxaloacetic acid. This oxaloacetate carboxylase 
is presumably responsible for the addition of carbon dioxide to pyru- 
vate to form oxaloacetate. It is similar to the enzyme from Micro- 
coccus lysodeikticus previously described by Krampitz & Werkman. 
Krampitz, Wood & Werkman (72) have studied the exchange be- 
tween C**O, and the carboxyl group of oxaloacetate during decar- 
boxylation of the latter by their bacterial enzyme preparation. Since 
oxaloacetate formed from fumarate gave higher values for isotopic 
exchange of the carboxyl group than synthetic oxaloacetate, they pos- 
tulated the existence of a “physiological” oxaloacetate, differing in 
some way (phosphorylation?) from the synthetic form. 

The fixation of large quantities of C’'O, in organic form by pigeon 
liver extracts occurred only in the presence of added pyruvate and 
fumarate. If pyruvate alone was added, a small quantity of labeled 
carbon appeared in the pyruvate, however. The detailed mechanism 
of the fumarate effect, and of the entrance of C'! into pyruvate when 
no fumarate was present, is not entirely certain although several ex- 
planations have been suggested (42, 72). 

Using acetic, propionic, and butyric acids containing C'! in the 
carboxyl group, Buchanan, Hastings & Nesbett (13) studied liver 
glycogen when these acids were fed with glucose. The apparent con- 
version of butyric and propionic acids, but not of acetic acid, to glyco- 
gen, was observed. 

The recent data of Lorber, Hemingway & Nier (89) showing a 
fixation of carbon dioxide in the glycogen of the isolated, working, 
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mammalian heart is of interest since the fixation of appreciable quan- 
tities of carbon dioxide has not been shown previously to occur in 
animal tissues other than liver, although the fixation of relatively small 
quantities of carbon dioxide in suspensions of pigeon breast muscle 
has been noted (42). 

Hydrogen transport.—Discussion of the mechanism of hydrogen 
transport from substrate to oxygen during oxidation of carbohydrate 
has centered about the intérpretation of the effects of malonate inhi- 
bition. 

Fischer, Roedig & Rauch in a paper inaccessible to this reviewer 
(94) but quoted by Lynen (94a) have apparently suggested that the 
fumaric hydrogenase discovered by them in yeast is a “degenerated” 
(“verdorbene’’) succinic dehydrogenase and that it may participate in 
yeast metabolism by transporting hydrogen: the hydrogen would pre- 
sumably go from substrate, triosephosphate or alcohol for example, to 
cozymase and then to fumarate by way of fumaric hydrogenase and 
finally to the cytochrome system by an oxidation of succinate to fuma- 
rate mediated by succinic dehydrogenase. This is essentially the ear- 
lier scheme of Szent-GyOrgy with fumaric hydrogenase substituted 
for the “over reduction” of fumarate postulated by him to explain the 
effect of fumarate in relieving malonate inhibition. 

Such a role for fumaric hydrogenase seems unlikely since an ex- 
amination of the oxidation of ethyl alcohol by yeast (94) discloses that 
the first phase of this reaction, the aerobic conversion of ethyl alcohol 
to acetic acid, is not inhibited by malonate although such should be 
the case if the scheme is correct. On the other hand, the further oxi- 
dation of acetic acid to carbon dioxide and water can be almost com- 
pletely inhibited by malonate as has already been described. 

Barron maintains that the assumption of single pathways for 
carbohydrate oxidation is untenable and postulates a “multiple path- 
ways” scheme of pyruvate oxidation (160). For the direct oxidation 
of pyruvate he has suggested (160) that the first oxido-reduction in 
glycolysis (oxidation of phosphoglyceraldehyde by cozymase) is nor- 
mally followed by a reaction between pyruvate and a flavoprotein to 
form acetyl phosphate and reduced flavoprotein. The reduced flavo- 
protein presumably has the properties of Fischer’s fumaric hydroge- 
nase, and converts fumarate to succinate, the latter being subsequently 
oxidized by succinic dehydrogenase. The fumarate arises from malate 
formed by the reduction of oxaloacetate by cozymase. The oxaloace- 
tate in turn is assumed to be produced by carboxylation of pyruvate. 
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Under such circumstances, pyruvate would not reduce cozymase but 
would serve as a source of both oxaloacetate and of acetyl phosphate. 
This scheme awaits experimental verification. Neither fumaric hydro- 
genase nor a flavoprotein capable of forming acetyl phosphate from 
pyruvate has yet been demonstrated in animal tissues. The formation 
of oxaloacetate from pyruvate and carbon dioxide in skeletal muscle 
has not yet been demonstrated, although the results of Lorber, Hem- 
ingway & Nier (89) suggest the existence of such a reaction in heart 
muscle. Evidence for the occurrence of a small quantity of oxalo- 
acetate carboxylase activity in skeletal muscle has also been obtained 
(42). 

The paradoxical situation in regard to malonate poisoning of ox- 
aloacetate carboxylase should be pointed out. Oxaloacetate carboxy- 
lase (responsible for the carboxylation of pyruvate) is completely in- 
hibited by 0.0025 M malonate in cell-free solution (42). On the other 
hand carboxylation of pyruvate occurs in minced liver in the presence 
of the same malonate concentration. In heart muscle and pigeon breast 
muscle the same malonate concentration almost completely inhibits 
pyruvate utilization in the absence of added dicarboxylic acids so that 
any appreciable formation of oxaloacetate from pyruvate in those 
tissues seems excluded. Whether this is a question of differences in 
the relative concentrations of enzyme and inhibitor in the two tissues 
or whether there are other factors that modify the effective concentra- 
tion of the inhibitor, is undecided. A further exploration of these 
reactions is desirable. 

Breusch (8) has made a survey of various tissues in regard to their 
sensitivity to malonate, their ability to reduce oxaloacetate, their sen- 
sitivity to calcium and other factors, and has interpreted his results 
in terms of an elaborate scheme of hydrogen transport and interme- 
diary carbohydrate metabolism. Since there is as yet little experi- 
mental support for many of the details the reader is referred to the 
original paper. 

Question as to the substrate responsible for the oxygen uptake of 
unsupplemented muscle tissue has been posed by the work of Stadie 
& Zapp (131). They have studied the respiration of muscle strips, 
Latapie, blendor, and scissors minces of skeletal muscles of pigeons 
and cats. In spite of a high oxygen uptake, the decrease in carbo- 
hydrate (fermentable reducing substances after acid hydrolysis +- lac- 
tic acid exclusive of phosphorylated hexoses or hexose derivatives) 
was insufficient to account for the oxygen uptake. In view of an un- 
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changed ammonia content, the high respiratory quotient, and absence 
of ketone body formation, protein and fat seem unlikely as substrates, 

Relationship between oxidation and phosphorylation.—The cou- 
pling of phosphorylations with the oxidation of pyruvate by heart 
muscle has been studied by Ochoa (115). He demonstrated that 
aerobic phosphorylation of phosphate acceptors during pyruvate oxi- 
dation is mediated by the adenylic acid system and that three molecules 
of inorganic phosphate are converted to high-energy-bond phosphate 
for every primary dehydrogenation (atom of oxygen consumed). The 
efficiency of conversion of oxidation energy to phosphate bond energy 
was about 60 per cent. Ochoa has also demonstrated that three moles 
of high-energy-bond phosphate are apparently formed for each mole 
of a-ketoglutarate oxidized to succinate and carbon dioxide. An un- 
derstanding of the mechanisms of these phosphorylations is still lack- 
ing, but there is little doubt that the final detailed picture of the tri- 
carboxylic acid cycle must include these reactions. Banga (4) has 
found that citrate and oxaloacetate are much more effective in afford- 
ing energy for the phosphorylation of glycogen in extracts of pigeon 
breast muscle than are pyruvate, fumarate, and aconitate. 

Insulin —When insulin is added to suspensions of pigeon breast 
muscle, the respiration of the tissue is maintained for a longer period 
of time than with similar control suspensions. This effect has now 
been shown (122) to be reflected in the sustained ability of the insulin- 
supplemented tissue to oxidize pyruvate. When insulin is absent, 
practically no or very little pyruvate is utilized after 60 to 90 minutes, 
although the oxygen uptake of the suspension is still of considerable 
magnitude. It becomes of great interest to ascertain the substrate 
being used under such circumstances. 

The effect of insulin on pyruvate oxidation by muscle suspensions 
seems to be associated with those steps in the utilization of pyruvate 
which are catalyzed by either fumarate or oxaloacetate (tricarboxylic 
acid formation?) since these reactions proceed at a higher rate in 
insulin-supplemented malonate-poisoned tissue than do the other re- 
actions of the tricarboxylic acid cycle. Wieland & Rosenthal have sug- 
gested that insulin may be involved in the condensation reaction be- 
tween acetoacetate and oxaloacetate (156). If the further suggestion 
of these authors is confirmed, that pyruvate is metabolized by way of 
acetate, the results quoted above afford experimental support for such 
an action of insulin. 

However, the in vitro relationship between insulin and carbohy- 
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drate (oxidation) shown by these experiments may be indirect, and 
there are data from the intact animal that are interpreted to exclude 
any participation of insulin in pyruvate oxidation. Bueding & Gold- 
farb (15) have shown that the injection of glucose into normal or 
psychotic humans gives rise to an increase in blood pyruvate which is 
not affected by the simultaneous administration of insulin, while the 
pyruvate-lactate ratio remains constant as has also been found by Stotz 
& Bessey (136). This is in contrast to observations on depancreatized 
dogs and diabetic humans (16) in which insulin produces a marked 
rise in pyruvate after a single glucose administration. However, an 
increase in normal subjects by insulin administration can be observed 
if large amounts of glucose are infused constantly (17). Since the 
rate of pyruvate removal is the same whether insulin is present in 
normal or excessive amounts or is absent, the increase in blood pyru- 
vate cannot be due to a decreased pyruvate removal. It is therefore con- 
cluded that after the administration of glucose to depancreatized dogs, 
insulin increases the formation of pyruvic acid. This effect is also 
indicated by the observation that under aerobic conditions insulin in- 
creases the phosphorylation of glucose in vitro (85), i.e., acts on a 
stage preliminary to pyruvic acid in carbohydrate metabolism. It 
would be possible, however, to admit still the possibility of a direct 
effect of insulin on pyruvate oxidation if it were assumed that the 
metabolic utilization of pyruvate in the diabetic was qualitatively dif- 
ferent from that in the normal subject, the rate of pyruvate removal 
being the same in both cases. 

The effect of insulin on water and electrolyte distribution (137) 
and on organic phosphate turnover (using isotopic phosphorus as in- 
dicator) in muscle (127) and rat liver (67) has been described. The 
inadvisability of administering glucose to the diabetic is reiterated by 
Root & Carpenter (123). Mark & Lewis find no evidence of an he- 
patic inactivation of insulin (95). 


BRAIN AND NERVOUS TISSUE 


General studies of pyruvate oxidation in brain have been reported 
by Long (91) and by Simola & Alapenso (130). While a variety of 
enzymic reactions and effects occur, it is not possible as yet to present 
any scheme for carbohydrate metabolism in this tissue. Fazekas & 
Himwich (44) conclude that during partial anerobiosis the brain of 
the adult cat obtains a part of the energy required for its maintenance 
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by glycolysis. The glycogen content of various parts of cat and dog 
brains during the life span has been studied (18). 

The electric organ of the electric eel provides a convenient object 
for studying the changes occurring as a result of the discharge. It 
now appears that the chain of reactions supplying the energy for the 
restoration of the resting condition of the organ are identical with or 
similar to those serving as a source of energy for muscle contraction, 
The discharge of the organ is associated with the hydrolysis of equiva- 
lent amounts of acetylcholine and phosphocreatine (106, 107). An 
enzyme preparation from the electric organ (and also from brain) 
synthesizes acetylcholine only in the presence of adenosinetriphos- 
phate (105). Fluoride (which inhibits adenosinetriphosphatase) in- 
creases the quantity of acetylcholine formed as do glutamate, succi- 
nate, and citrate (108). Cupric ions, iodoacetate, and iodine inhibit 
acetylcholine formation, while potassium and ammonium ions are with- 
out effect. It would appear that the energy for the resynthesis of 
acetylcholine is derived from phosphocreatine by way of adenosine- 
triphosphate, creatine phosphate being resynthesized in turn by the 
energy derived from pyruvate or carbohydrate oxidation. 

A relation between glucose content and free acetylcholine of nerv- 
ous tissue has been noted. Sanz (125) proposes a metabolic scheme 
linking carbohydrate metabolism with free acetylcholine in rat brain. 
Welsh (151) has shown that free acetylcholine in cerebral cortex de- 
creases when rats are subjected to low atmospheric pressures and 
that the decrease is more pronounced during insulin hypoglycemia. 
He suggests that the decrease in free acetylcholine may account for 
the decreased excitability of the cortex during conditions of hypo- 
glycemia and anoxia. DuBois & Potter (37) have described an acti- 
vation of adenosinetriphosphatase by acetylcholine. 


INTESTINAL ABSORPTION 


The mechanism of the preferential absorption of glucose from the 
rat intestine has been studied by Csaky (28) using the 2, 3, 5, and 6 
methyl ethers of glucose. The 2, 5, and 6 methyl ethers are absorbed 
somewhat more slowly while 3-methylglucose (which is not split by 
intestinal extracts) is absorbed at the same rate as glucose. The data 
suggest a phosphorylation of glucose during absorption to yield an 
equilibrium mixture containing principally fructose-1,6-diphosphate. 
A study of Kjerulf-Jensen (68) of the carbohydrate phosphate esters 
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of the intestinal mucosa of rats and rabbits when fructose is fed also 
supports an intermediary phosphorylation of fructose. Kosterlitz has 
concluded from an analysis of the phosphoric esters present in the 
liver of rabbits fed galactose that galactose-l-phosphate is present 
(70). The same investigator suggests that in the fermentation of 
lactose by yeast galactose-1-phosphate is first formed and converted 
to the Robison ester by way of glucose-1-phosphate (71). 

Since the decrease in serum and urinary phosphorus that is ob- 
served when glucose, galactose, and xylose are fed is also observed 
when the sugars are given intravenously (47), the process of intestinal 
absorption is apparently not responsible for these changes. 


ENDOCRINES AND OTHER Factors INFLUENCING 
CARBOHYDRATE METABOLISM 


The ability of the cortin-like material present in urine to cause 
glycogen deposition in the liver of fasted adrenalectomized rats has 
been demonstrated (32, 143). While 11-dehydrocorticosterone, corti- 
costerone, and 17-hydroxy-11-dehydrocorticosterone are about equally 
effective in causing liver glycogen deposition, adrenal steroids without 
oxygen at C-11 and without the unsaturated ketone group in ring A 
were inactive (120). 

Marx, Anderson, Fong & Evans (97) have shown that prepara- 
tions of the growth hormone of the anterior pituitary—free of lacto- 
genic, adrenocorticotropic, thyrotropic, and gonadotropic hormones— 
produce a marked increase in glucose excretion in sucrose-fed, par- 
tially depancreatized rats. Russell (124) has studied the apparent in- 
creased peripheral utilization of carbohydrate after hypophysectomy 
in the eviscerated rat in an attempt to decide to what extent adrenal 
deficiency (mediated through the pituitary) is involved. By compari- 
son of the effects.of adrenalectomy, hypophysectomy, and administra- 
tion of anterior lobe preparations the conclusion was reached that the 
increased peripheral requirement for carbohydrate by hypophysecto- 
mized rats is probably not due to any great extent to diminished ad- 
renal function (gluconeogenesis) and that the pituitary and adrenal 
hormones can affect carbohydrate metabolism independently. 

Hexestrol (4,4’-dihydroxy-a,B-diethyl-dihydrostilbene) causes an 
atrophy of the testes and a moderate increase in pancreatic insulin 
while a-methylstilbene causes an increased quantity of pancreatic in- 
sulin but is without effect on the testes (58). A decrease in pancre- 
atic insulin during scurvy has been noted (3). 
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The relation of pantothenic acid to pyruvate metabolism was first 
indicated in bacteria by Dorfman, Berkman & Koser (32). Later it 
was shown that diminished pyruvate oxidation occurred in the liver of 
the pantothenate deficient rat (118) although Teague & Williams 
(139) concluded that pantothenate was not concerned in glucose, 
phosphopyruvate, and hexosediphosphate fermentation or pyruvate de- 
carboxylation in yeast extracts and chick brain. Hills (61) now 
shows that pantothenate increases the aerobic metabolism of pyruvate 
by washed suspensions of Proteus morgani to a greater extent than 
any of the other substances tested although lactate, succinate, 
malate, oxaloacetate, a-ketoglutarate, and fumarate had some effect 
and were all effective in increasing the simultaneous utilization of 
pyruvate. 

Lukens, Dohan & Wolcott (92) have compared the effect of phlo- 
rhizin and of insulin in promoting the recovery of cats suffering from 
experimentally produced pituitary diabetes. The physiological action 
of the two substances are similar only in their effect on blood sugar, 
on the hydropic Islands of Langerhans found in diabetic animals and 
in benefiting early diabetes. These authors suggest that hyperglyce- 
mia may play a role in the genesis of diabetes. 

General reactions——Carbohydrate metabolism has been studied 
during hemorrhagic shock in rats (41). The rise in plasma and whole 
blood amino nitrogen, in keto acids and lactate, and the hyperglycemia 
that occurs with a high liver glycogen (but not in starved, suprareno- 
demedullated, and suprarenalectomized animals) are ascribed to a 
decrease in hepatic function arising from anoxia and to peripheral ef- 
fects of anoxia in causing increased protein breakdown and glucose 
utilization. Anoxia also accounts for the increased blood pyruvate and 
lactate. 

In humans under reduced atmospheric pressures (corresponding 
to heights of 5,500 to 6,200 meters) the hypoglycemic phase in glucose 
tolerance tests is shortened or absent (82). There is also an increase 
in blood pyruvate and lactate and a decreased alkali reserve. Inor- 
ganic phosphate in blood and urine decreases with an increase in or- 
ganic phosphates in the blood. In similar experiments with rats an 
increase of the hexosemonophosphate content of muscle was found 
although the glycogen was unchanged. There is evidence for an in- 
creased gluconeogenesis from protein in anoxia. The ability to form 
glycuronates is unimpaired in liver tissue from humans dying from the 
effects of atmospheric conditions at high altitudes (88). Kruenberg 
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(76) has also described carbohydrate metabolism during oxygen de- 
ficiency. 

A local glucogenesis from protein during inflammation has also 
been postulated (101). 

Westerfeld, Stotz & Berg (154) conclude that the increased rate 
of alcohol metabolism caused by oral pyruvate administration de- 
scribed by them was due to a coupled oxidation-reduction reaction in- 
volving the conversion of alcohol to acetaldehyde with the correspond- 
ing reduction of pyruvate to lactate, rather than to acetoin formation. 
Acetoin (155), when fed, is not glycogenic and is excreted in the 
urine, partly as such, partly as 2,3-butylene glycol. However, Greg- 
ory, Ewing & Duff-White (56) find no evidence that pyruvate, in- 
sulin, glucose, or insulin plus glucose increases the rate of metabolism 
of ethyl alcohol. The administration of acetoin and 2,3-butylene glycol 
accelerates the acetylation of p-aminobenzoic acid in rabbits while 
sodium acetate is without effect (31). 

Jacobs (64), in 1937, observed a hyperglycemia in rabbits on the 
injection of alloxan. Dunn, Sheehan & McLetchie have found (38) 
that it is possible to cause a typical diabetes in rabbits by alloxan due 
to a specific degeneration of the islet tissue of the pancreas. A similar 
effect obtains for rats (40) and dogs (52), but not for humans (11, 
12). It is possible to adjust the dose of the substance so that the only 
pathological lesion of consequence is the effect on the islet tissue. The 
specificity of action is remarkable. 

Gomori reports that liver and kidney contain an alkaline phospha- 
tase with a strict substrate specificity for hexosediphosphate. The 
enzyme is inactive in absence of magnesium ions and activated by 
cyanide and inhibited by fluoride (53). Reinecke presents evidence 
for the formation of a fermentable reducing substance (glucose) by 
the kidney in eviscerated rats given cortical extracts (120). 

Purinton & Schuck (119) have observed an inverse relationship 
between the tissue concentrations of ascorbic and citric acids and their 
excretion. The presence of citric acid in bone is paralleled by its oc- 
currence in the eggshells of birds and chickens (140) and also in vari- 
ous tissues in pathological conditions (96). Class & Smith have con- 
cluded that the citrate excreted by rats fed sodium bicarbonate is of 
metabolic rather than of bony origin (19). 

It is possible to isolate glycogen from extracts of aphids and of 
rabbit liver by ultracentrifugation (90). 

Greville (57), from a study of intravenous glucose tolerance 
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curves, has been able to develop an equation expressing the blood 
sugar concentration as a function of time in the period between five 
and ninety minutes after intravenous injection of sugar. 

Follis & Straight have shown that rats on a completely carbo- 
hydrate-free diet grew normally (45). 

By comparing lactate formation from glycogen and from fructose- 
diphosphate by pigeon breast muscle Tanko has concluded that fruc- 
tose may be metabolized in a qualitatively different fashion from glyco- 
gen (138). 

The respiratory and carbohydrate metabolism of the malaria para- 
site (P. knowlesi) has been studied by Wendel (152). The presence 
of various phosphorylated carbohydrate esters in autotrophic bacteria 
(83) has been described and it has been shown that the adenosinetri- 
phosphate in these organisms is adenosine-3-triphosphate (84). 

Studies have been made of corn glycogen (104), the metabolism 
of the hexitols (65) and lactose (24), the relation between liver glyco- 
genesis and fasting in the rat (98, 141), the distribution of blood lac- 
tate between red cells and serum (29), pancreatic amylase (87), and 
the phosphorolysis of sucrose (33). 

Color reactions have been described for aconitic and glutaconic 
acids (30); methods have been described for the determination of 
2,3-diketogulonic acid (117); glucose-l-phosphate and galactose-1- 
phosphate in liver (70); blood glucose (63); glucose and pyruvate, 
when together (59); pyruvic acid (48); dihydroxyacetone (142); 
acetaldehyde (135) ; diacetyl and acetoin (55, 134) ; amylase in duo- 
denal contents (46) ; individual sugars in mixtures of glucose, fructose, 
mannose, and galactose (10). Methods have been reported for the 
preparation of the following substances: sodium iodoacetate (51) ; 
hexosediphosphate, hexosemonophosphate, and phosphoglyceric acid 
(34); active zymase extracts and d(—)3-phosphoglyceric acid 
(110, 111); fructose-1,6-diphosphate and fructose-6-monophosphate 
(112) ; d(—)3-phosphoglyceric acid and d(-+-)2-phosphoglyceric acid 
(113). The yields of adenosinetriphosphate from muscle can be in- 
creased by magnesium anesthetization (36). 

Several reviews of the field which have appeared during the year 
are appended to the bibliography (160-164). 
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DIGESTION AND ABSORPTION 


Hoagland & Snider (1) have continued their series of excellent 
studies on the digestibility of different fats. Seven fats having a wide 
range of digestibility were fed to rats as 5 and 15 per cent of the diet 
and it was again found that the poorly digested fats had higher di- 
gestive coefficients when fed at elevated levels, but no constant rela- 
tionship existed between melting point and digestibility. A comparison 
of the absorption of egg oil and cod liver oil when administered by 
stomach tube to rats has shown that the former is somewhat more 
readily absorbed (2). 

In measurements of fat excretion by normal children, four to 
twelve years of age, Williams et al. (3) have found that with fat 
intakes of between 62 and 113 gm. per day, utilization varied from 
96 to 98 per cent. About 50 per cent of the fat in the feces was present 
as soaps and 30 per cent as nonsaponifiable matter. 

In a study of the utilization of fats by herbivora, Paul & McCay 
(4) have found that guinea pigs can readily utilize diets containing 
30 per cent fat, but elaidic acid is not as efficiently digested as it is in 
rats. Both rabbits and sheep digest hydrogenated fats (Crisco) as well 
as liquid fats (cottonseed oil), and rabbits and guinea pigs can utilize 
castor oil. Whitson et al. (5) have developed a technique for measur- 
ing fat digestibility in chickens which makes use of barium sulfate as 
an indicator of the ratio of feed to feces. 

The importance of the stearic acid content of fat upon digestibility 
has been stressed by Hoagland & Snider (6) who fed mixtures of fatty 
acids and pure triglycerides in olive oil to rats. Stetten (7) has pre- 
sented evidence that a hydrocarbon, n-hexadecane, containing heavy 
hydrogen is efficiently absorbed by the rat. Some of the compound 
was deposited as such in the tissue lipids and some was converted to 
fatty acids. 
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An interesting study of the adaption of digestive enzymes to the 
type of food ingested has been made by Grossman, Greenberg & Ivy 
(8) who maintained rats on constant diets and then studied the pan- 
creatic content of trypsin, amylase, and lipase. When a high carbo- 
hydrate diet was fed there was a pronounced increase in pancreatic 
amylase and a decrease in trypsin. A high protein diet gave an in- 
crease in trypsin and some increase in lipase. However, a high fat 
diet resulted in no alteration of either trypsin or lipase. Schmidt & 
Thannhauser (9) carefully purified an alkaline phosphatase from the 
intestinal mucosa and found that while phosphopyruvic, pyrophosphoric 
adenylpyrophosphoric, and diphenylphosphoric acids were hydrolyzed, 
the phosphatides were completely resistant. 

Pancreatectomy produces an impairment in fat absorption, but 
Vermeulen, Owens & Dragstedt (10) have found that in some depan- 
creatized dogs as much as 75 per cent of the ingested fat is absorbed. 
They further report that the temporary lipemia following fat ingestion 
is abolished following pancreatectomy and is not restored by the ad- 
ministration of active pancreatic juice or raw pancreas. In human 
subjects deprived of the external pancreatic secretion by operative 
procedures incident to disease the administration of pancreatic en- 
zymes (11, 12) or an increase in the dietary protein (11) increased 
the amount of fat absorbed. The decrease in fat absorption by rats 
following adrenalectomy, reported by Bavetta and his co-workers, 
appears to be restricted to fatty acids of eight or more carbons (13). 

The reliability of the chylomicron count in the determination of 
blood lipids and in studying rates of fat absorption has been con- 
firmed by Cooper & Lusk (14). The lipemia that follows fat ingestion 
in dogs has been found by Hahn (15) to be immediately abolished if 
heparin is given intravenously. When added to lipemic blood in vitro, 
heparin was without effect. 

Adlersberg & Sobotka (16) have found that in sprue, the ingestion 
of fat and vitamin A does not result in an increase in the blood levels 
of these substances. When lecithin was given at the same time there 
was a moderate rise in the serum lipids of normal controls and of sub- 
jects with sprue (17). The serum lipids were not altered when lecithin 
alone was fed. In patients with gastric cancer and hepatic cirrhosis, 
Rekers, Abels & Rhoads (18) found that the ingestion of large amounts 
of fat did not cause a rise in fecal fat. However, abnormal absorption 
was observed in a gastrectomized subject and one with atrophic 
gastritis. A possible explanation for the more complete absorption of 
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fats that slowly pass from the stomach is suggested by the work of 
Tidwell (19) who found that the absorption of a small amount of fat 
is necessary for the initiation of the hormonal control of gastric 
activity. 

In self-selection studies, following ligation of the bile duct, rats 
showed a tendency to avoid fat foods and to increase their intake of 
carbohydrate foods (20). This implied importance of bile in fat ab- 
sorption was not borne out by the findings during a period of obstruc- 
tive jaundice in a human subject without pancreas secretion but re- 
ceiving oral pancreatic enzyme therapy (12). The result of this study 
suggested that pancreatic enzymes are active in the absence of bile 
and are relatively more important than bile. Selye (21) has reported 
that bile does not play any important role in the absorption of the 
steroid hormones (desoxycorticosterone, progesterone, and testos- 
terone) from the intestinal tract. 


SYNTHESIS AND DEPOSITION 


Depot fat—Fractionations of human depot fat by Cramer & 
Brown (22) permitted the isolation of pure myristic, palmitic, stearic, 
and oleic acids as methyl esters. The presence of tetradecenoic and 
hexadecenoic acids was demonstrated for the first time. Oleic and 
linoleic (8 to 11 per cent) were the principal unsaturated C,, fatty 
acids present, but they were found along with isomeric octadecenoic 
and octadecadienoic acids. The presence of arachidonic acid (0.3 to 
1.0 per cent) in human fat was confirmed. 

Chemical analyses of fats from turkeys and chickens of various 
breeds show no significant differences (23). Female turkeys always 
have a higher muscle fat content than males (24) just as in most other 
species. Loeb (25) has found that under certain conditions the ad- 
ministration of estradiol benzoate to male rats slightly increases the 
total body fat. 

Fatty acids rich in deuterium were found by Stetten & Grail (26) 
to disappear much more rapidly from liver fat (half-life, 2.6 to 2.8 
days) than depot fat (half-life 5 to 6 days). The presence or absence 
of choline had no effect on the rate of turnover of the deutero fatty 
acids indicating a synthesis of fat from carbohydrate in both cases. 

Odd numbered carbon-chain fatty acids were well utilized by rab- 
bits (27) and goats (28) and in the latter were deposited in large 
quantity in the depot fat. It is not clear whether the fed acids only 
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or homologues of these were also deposited. Undecylic acid is de- 
posited in large amounts when fed to rats but there is no evidence of 
a higher homologue being synthesized (29). The latter type of chain 
lengthening would be involved in the claimed conversion of palmitic 
to stearic acid (30). Visscher (31) has found that the fatty acids 
stored by the rat on a diet very low in fat are the same as on a diet 
containing 5 per cent palmitic acid with or without the addition of 
linoleic acid. 

Hypophysectomy in the rat usually leads to a reduction in the 
appetite and hence body fat, but Samuels et al. (32) have found that 
this is not the case if the operated animals are force-fed to equal the 
food intake of litter mate controls. 

Liver fat—It is still uncertain what agents are responsible for the 
lipotropic action of protein and pancreas extracts. Channon and his 
co-workers (33) have investigated fourteen pure amino acids, among 
which only tryptophane was found to possess lipotropic action on the 
fat and cholesterol types of fatty livers. Glutamic acid was found to 
exert a lipotropic action on cholesterol livers. 

Gavin et al. (34) have compared various lipotropic factors. Choline 
was found to be effective against thiamin fatty livers, partly effective 
against cholesterol fatty livers, and without effect on biotin fatty livers. 
Both inositol and lipocaic were active against biotin fatty livers. Inosi- 
tol showed no activity against thiamin fatty livers but the addition of 
other B vitamins permitted inositol to become lipotropic. This finding 
has been confirmed (35). It is uncertain whether the lipotropic activity 
of lipocaic is due to its content of inositol and choline or choline pre- 
cursors. The observation that inositol, but not lipocaic, is effective in 
preventing cholesterol fatty livers suggests the presence of an unknown 
lipotropic substance in addition to the two mentioned above. Dam & 
Kelman (36) have made the very interesting observation that the blood 
phospholipids of vitamin E deficient chicks are increased when vitamin 
E or lipocaic’is included in the diet. The inference drawn is that the 
vitamin E deficient chick is lacking in the active principle of lipocaic 
and that the formation of this substance depends upon the presence of 
vitamin E in the diet. 

As a result of studies of simultaneous mineral and choline deficien- 
cies on the liver fat of the rat (37) and the influence of choline defi- 
ciency on the fat content of regenerating liver (38), Handler suggests 
that the development of fatty livers in this deficiency can proceed only 
when all other dietary factors will permit the growth of the whole rat 
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rather than merely growth of the liver. Handler & Bernheim (38) 
state that 

The effect of deficiencies of members of the vitamin B complex in preventing 
the appearance of fatty livers due to choline deficiency is the result of an impair- 


ment of the over-all metabolism rather than some specific defect in the metabolism 
of the liver. 


Parenteral administration of lipocaic prevents the accumulation of 
liver fat produced by the ketogenic anterior pituitary hormone in the 
fasting guinea pig (39). The hypophysectomized and depancreatized 
dog develops a fatty liver as rapidly as the depancreatized animal, and 
this is also prevented by lipocaic therapy according to the findings of 
Dragstedt’s group. Lipocaic administration prior to operation resulted 
in a normal fat content in the livers of patients with cancer of the 
gastrointestinal tract, and this appeared to be due to the inositol con- 
tent of the lipocaic (40). 

Ralli & Rubin (41) conclude, from studies in depancreatized dogs 
and dogs deprived of their external pancreatic secretion, that fatty 
livers which develop under these conditions are due to a state of pro- 
tein depletion caused by impaired digestion and the presence in meat 
of some substance capable of producing fatty infiltration. Dried meat 
powder, which is presumably more easily digested than raw meat, 
produced no fatty infiltration of the liver unless meat juice or inositol 
was fed with it. Allen and his co-workers (42) have found that the 
total loss of pancreatic juice by a pancreatic fistula did not produce 
fatty infiltration of the liver as in the insulin-treated depancreatized 
dog. They conclude that lipocaic is not lost in the pancreatic juice. 
This work is not in harmony with that of Ralli & Rubin (41) or of 
others (43) who have reported the development of fatty livers when 
pancreatic juice is excluded from the intestinal tract. It is probable 
that the action of lipocaic will not become clear until more attention 
is given to the over-all nutritional status of the experimental animals 
as has been suggested by Handler. 

Synthesis of fat from carbohydrate——Supporting the theory that 
the specific dynamic action of carbohydrate is due to the energy wasted 
in intermediary metabolism, Ring (44) has found that the S.D.A. of 
thiamin plus glucose is twice as great as that of glucose alone. Thiamin 
does not influence the S.D.A. of fat nor does it have any effect alone. 
It is considered by Ring to be necessary for the conversion of carbo- 
hydrate to fat and the S.D.A. is assumed to be the energy required 
for this conversion of carbohydrate into a form suitable for storage. 
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The relative importance of the liver and of extra-hepatic tissues in the 
conversion of carbohydrate to fat remains uncertain. Recently there 
has been a revival of interest in glycogen deposition in adipose tissue 
(45, 46, 47). Recovery-feeding of fasted rats with carbohydrate leads 
to marked glycogen storage in fat tissue as measured histologically 
(46, 47). Brown fat stores more glycogen than white fat and appears 
to store as much as liver although there is no correlation between the 
glycogen content of brown fat and that of liver (46). Lactose differs 
from most carbohydrates in that no glycogen is stored in the adipose 
tissue when it is fed. These histological studies agree with the chemical 
study reported earlier by Tuerkischer & Wertheimer (45). More re- 
cently Mirski (48) has shown that adipose tissue phosphorylates gly- 
cogen, thus giving the Cori ester. Ordinary white adipose tissue of 
rats lacks phosphoglucomutase while the brown interscapular fatty 
tissue of rats contains this enzyme. An enzyme solution which synthe- 
sizes glycogen from glucose-1-phosphate may be obtained from adipose 
tissue by Cori’s procedure. Tissue slice experiments with adipose 
tissue show that glycogen-rich fat has a very high respiratory quotient 
as compared with that of starvation fat. The addition of glucose in- 
creases the respiratory quotient of the latter. The conclusion is reached 
that the glycogen-rich, high respiratory quotient, adipose tissue slices 
are converting glycogen or added glucose into products of low oxygen 
content, probably fatty acids. 


UTILIZATION 


Lipolytic and dehydrogenating enzymes.—Kelly (49, 50), in ex- 
tensive investigations of the lipolytic activity of bovine mammary gland 
tissue, has observed that the tissue of undeveloped glands contains only 
traces of active lipase, but when developed by pregnancy significant 
amounts of this enzyme are present. The lipolytic activity has been 
attributed to the secretory tissue itself which normally has an acid 
reaction with the secretory cell areas of the lactating glands showing 
the highest hydrogen ion concentration. The butyric esterase content 
of serum of mice was measured by Khanolkar & Chitre (51) who 
found that in a cancer-resistant strain the esterase activity was lower 
than in two cancer-susceptible strains. 

Progress in the study of the fatty acid dehydrogenase of cattle 
liver by Annau, Eperjessy & Felszeghy (52) has shown that this 
enzyme dehydrogenates lecithin, with methylene blue as the hydrogen 
acceptor, when xanthine or hypoxanthine is present as an activator. 
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The enzyme also dehydrogenates stearic and palmitic acids, but does 
not act on oleic acid. Another interesting observation made by these 
investigators was that the season of the year influenced the quantity 
of enzyme so markedly that demonstrable amounts were found only 
during the winter. Shapiro & Wertheim (53) have studied a fatty 
acid dehydrogenase in adipose tissue, but in this case it was found 
that adenylic acid and inorganic phosphate were required for activity. 
The enzyme was active on the longer chain fatty acids and phos- 
pholipids, but was inactive on neutral fat. Liver, muscle, heart, and 
testes were also reported to contain this enzyme. 

In examining the specificity of a B-hydroxybutyric acid dehy- 
drogenase extracted from pig heart, Lang (54) found that it acted 
readily on higher homologues of B-hydroxybutyric acid. 

Ketosis—The modern view which regards ketosis as a physiologi- 
cal mechanism in which a special type of fat metabolism comes into 
play was suggested independently by Drury (55, 56) and Blixenkrone- 
Moeller (57) and is now widely accepted. Briefly outlined (58), the 
ketone bodies are supposed to be produced by the oxidation of fatty 
acids by the liver and are carried in the blood stream to the extra- 
hepatic tissues where they are utilized as a source of energy. This 
transformation of fatty acids is a supplementary mechanism operating 
when there is a shortage of carbohydrate for fuel. 

In experiments on man and guinea pigs, Neufeld & Ross (59) 
have confirmed the earlier observations of Drury and his co-workers 
(56, 60) that during ketosis the utilization of ketone bodies by the 
muscles and their production by the liver are increased. The intact 
organism or a dependent limb have been shown to utilize ketone bodies 
at a rate proportional to their concentration until high blood levels are 
reached. Shaw & Peterson (61) have now demonstrated that as much 
as 88 per cent of the oxygen consumption of the perfused bovine mam- 
mary gland may be due to the burning of B-hydroxybutyric acid when 
the concentration of the latter is maintained above 28 mg. per cent. 
Kravel & Gibson (62) have found that liver and muscle do not oxidize 
acetone appreciably im vitro at concentrations as high as 317 mg. per 
cent. 

Roberts & Samuels (63) have reported that the onset of fasting 
ketosis is more rapid in rats which have been receiving a high fat diet 
than in those previously fed a high carbohydrate diet. However, the 
marked lipemia that follows diethylstilbestrol administration to ducks 
is not accompanied by an increase in blood ketone bodies (64). 
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Stark & Somogyi (65, 66, 67) have made a series of interesting 
observations on the ketone bodies. Their concentration was found to 
be twice as high in human plasma as in the red blood cells. In plasma 
6-hydroxybutyric acid is the larger in percentage, but in the corpuscles 
acetoacetic acid constitutes the bulk of the ketone bodies. With their 
method they found small amounts of ketone bodies in the urine of all 
normal and diabetic patients. In healthy persons glucose feeding dur- 
ing hunger ketosis causes the distribution ratio [total ketone bodies in 
cells] /[total ketone bodies in plasma] to become inverted and in the 
postabsorptive state it is below unity. 

The B ratio [100xB-hydroxybutyric acid]/[total ketone bodies] 
decreases until several hours after glucose feeding when it becomes 
zero and the ketone bodies are represented by acetoacetic acid alone. 
In the urine the 6 ratio decreases more rapidly and increases sooner 
than in the blood. Patients with mild diabetes respond after sugar as 
do normals while severe diabetics show no change in the distribution 
or 6 ratios unless they are given effective doses of insulin. 

Studies of twenty diabetics in mild and severe states of ketosis by 
Martin & Wick (68) have shown that there is a low ketonuria, largely 
due to non-threshold acetone, when the blood acetone bodies are below 
20 mg. per cent. A general relationship between blood levels and 
urinary excretion exists, but the excretion of ketone bodies may be 
impaired in cases of renal failure. This study also indicates a poor 
correlation between the blood level of ketone bodies and the carbon 
dioxide combining power. 

In order to produce a fasting ketosis in female goats and dairy 
cows, Forbes (69) found that it was necessary for the animals to be 
in good condition and either approaching parturition or in early lac- 
tation. It is interesting to note that in spite of such difficulties involved 
in producing an experimental ketosis the prevalence of an idiopathic 
ketosis in cows, especially in the farm areas of the eastern states, has 
become a serious problem to the dairy industry. 

Special oxidation mechanisms.—During this year there has been a 
considerable collection of information regarding possible mechanisms 
of fatty acid oxidation in vivo. Improved methods for the determina- 
tion of such substances as the volatile fatty acids (70), oxalic acid 
(71), acetaldehyde (72), acetic acid (73), and acetopyruvic acid (74) 
will greatly aid in the elucidation of these oxidation processes. The 
metabolism of possible two carbon intermediates, especially acetic acid, 
has received wide attention. Lehninger (75) has confirmed the isola- 
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tion of acetic acid as the 2,4-dinitrophenylhydrazide from liver. 
Further evidence that triacetin is readily metabolized by rats, when 
as much as 20 per cent of the diet is fed as such, has been presented 
by McManus, Bender & Garrett (76). Dye & Marsters (77) found 
that intravenously administered acetic, butyric, caproic, caprylic, and 
capric acids were as well utilized in eviscerated dogs as in normal 
dogs ; the respective utilizations were : 60, 43, 39, 71, and 20 per cent. 
Since a marked rise in metabolism occurred in both groups, it was 
assumed that the utilization was due, in part at least, to oxidation. 
There appears to be ample evidence that most of the tissues of the 
body can utilize the short chain acids, particularly acetic acid. 
Several significant contributions indicate a close relationship be- 
tween the metabolism of acetic acid and carbohydrate. Virtanen & 
Sundman (78) have studied the influence of various cations on the 
formation of citric acid from acetic acid by yeast and have noted an 
accelerating influence of both barium and magnesium. Slade & Werk- 
man (79) have observed that cell suspensions of Aerobacter indolo- 
genes in the presence of glucose will condense acetic acid to succinic 
acid. The carbon to carbon linkage which takes place involves the 
methyl carbons of the two acetic molecules. Lynen (80, 81) has 
studied the metabolism of acetic acid added to an aqueous suspension 
of impoverished brewers’ yeast and has presented evidence that this 
compound enters the citric acid cycle. The mechanism postulated is 
that carbon dioxide together with acetic acid forms oxalacetic acid. 
The oxalacetic acid in turn is converted to citric acid, then to keto- 
glutaric acid, and finally passes through the usual four-carbon dicar- 
boxylic acid stages. Malonic acid inhibits this system and it has been 
assumed that the inhibition is at the point where succinic acid is con- 
verted to fumaric acid because fumarate additions will restore the 
cycle. Breusch (82) has postulated an enzyme system in animal tissues 
that is very similar to the one described by Lynen for yeast. In this 
case an active enzyme preparation (citrogenase) that has been isolated 
from muscle, kidney, and brain tissue will catalyze the formation of 
citric acid from 6-keto acids. The postulated cycle involves the con- 
densation of oxalacetic acid with a two carbon fragment which is split 
from a B-keto acid. Citric acid is formed and the conventional conver- 
sions of this cycle follow. Mujfioz & Leloir (83) have isolated an 
enzyme preparation from liver that catalyzes the oxidation of the 
lower fatty acids (especially butyrate, crotonate, valerate, hexanoate, 
heptanoate, and octanoate). Approximately one molecule of oxygen is 
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taken up for every molecule of butyric acid that disappears and it is 
believed that B-hydroxybutyric acid is the major product formed. In- 
organic phosphate, fumarate, cytochrome-c, adenylic acid, and mag- 
nesium were found to be necessary components of this system. There 
appears to be a striking similarity between the components of this 
fatty acid oxidation system and systems concerned with oxidation of 
carbohydrate. 

A tagging experiment by Buchanan, Hastings & Nesbett (84), in 
which acetic, propionic, and butyric acids containing radioactive carbon 
in the carboxyl groups were fed to rats, is in some respects inconsistent 
with the above postulations of fatty acid oxidation. The acids were 
given together with glucose, and liver glycogen was isolated and 
examined for the presence of radioactive carbon. When corrected for 
the carbon that could come from carbon dioxide, the liver glycogen 
contained no excess radio-carbon following acetic acid feeding. About 
3 per cent and 1 per cent of the fed radio-carbon was found when 
propionic and butyric acids respectively were fed. If acetic and pyru- 
vic acids follow the same general pathway of oxidation, as would be 
inferred from the studies of Lynen and of Breusch, an excess depo- 
sition of radio-carbon in the liver glycogen following acetic acid feed- 
ing would be expected. The small butyric acid conversion to glycogen 
may be explained on the basis of a partial w-oxidation to succinic acid. 

The metabolism of several other possible fatty acid intermediates 
has been studied. Oxalic acid has been found to be utilized to some 
extent by rats (71). Acetoin is utilized by rats, but is not converted 
into glycogen (85). Acetopyruvic acid is reported to be ketogenic in 
fasting rats, but an adequate control with alkali was not carried out, 
so the results should not be considered conclusive (74). Glycolic acid 
forms neither glycogen nor ketone bodies in the fasted rat (86). 
Glyoxylic acid is ketogenic in the fed rat as indicated by a rise in blood 
ketone bodies following its administration. As a result of the latter 
observation it has been suggested that glyoxylic acid may be the two 
carbon fragment formed by the B-oxidation of fatty acids (86). 

Keil (87) has found that the feeding of triglycerides of synthetic 
branched-chain fatty acids gives an increase in the ether-soluble acids 
in the urine. This is mainly true of the ethyl branched-chain fatty 
acids which are inefficiently attacked by the body in comparison with 
the methyl branched acids. The triglyceride of y-ethylcaprylic acid 
gave rise to the production of B-ethylenanthic acid, presumably through 
B-oxidation (88). 
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Artom & Swanson (89) fed bromine-substituted fatty acids and 
found that they caused fatty infiltration of the liver in an inverse 
relation to the rate of bromine excretion, which excretion rate was 
probably a measure of the liberation of bromine by oxidation of the 
acid; the liver fatty acids were largely free of bromine. It is sug- 
gested that the removal of the halogen is preliminary to further oxi- 
dation and if this is by B-oxidation the products would be physio- 
logical and easily disposed of. If, on the other hand, initial removal 
of the halogen occurs at positions not normally attacked by B-oxidation, 
the products may be such as are used with difficulty and would ac- 
cumulate in the liver. The acids which caused the greatest increases 
in liver fat contained bromine in positions which would not be physio- 
logically attacked by f-oxidation and those causing the smallest in- 
creases had bromine where it would be susceptible to B-oxidation. 


Non-CALoric FUNCTIONS 


Essential fatty acids ——Symptoms of essential fatty acid deficiency 
in dogs have been reported by Hansen & Wiese (90) who fed puppies 
a low fat diet and observed a generalized flaky desquamation with 
coarse dry hair at about three months of age. These skin changes 
were prevented by the inclusion of lard in the diet. The iodine values 
of the blood lipids, particularly the acetone-soluble fraction, were 
markedly lowered in the deficient animals. Bailey (91) measured the 
curative properties of a large number of fish oils and found them to 
be decidedly inferior to methyl linolate in alleviating the symptoms of 
essential fatty acid deficiency in rats. Twenty-four seed oils of known 
linoleic and linolenic acid content were assayed for their relative 
potency in curing rat acrodynia by Anthony e¢ al. (92). Curative 
powers were in direct proportion to their linoleic acid content and it 
was observed that frequently linolenic acid reduced this effect. 

Nutritive value of different fats—There are still conflicting re- 
ports concerning the nutritive value of different fats. It is possible 
that many of these apparent discrepancies can be given a rational ex- 
planation if such variables as the composition of the basal diet, and 
the relative food intakes of the experimental animals (appetite effects) 
are given careful consideration. 

In an investigation by Nitschke (93), rats which had been fed a 
fat-free diet were subjected to a four-day starvation period and then 
re-fed a diet containing 30 per cent of one of four fats that were being 
studied. Cooking fat was found to promote the greatest gain, followed 
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by olive oil and two synthetic fats, called artificial fats A and B. 
Boer & Jansen (94) again report that for growth butter fat is supe- 
rior to other fats (margarine, peanut oil, olive oil, and others) even 
though these latter fats were fortified with vitamins A and D. The 
importance of the type of carbohydrate included in the basal ration 
on the elicitation of a superior growth-promoting effect by butter has 
been stressed by Boutwell and his co-workers (95, 96). Slight differ- 
ences in growth rates of rats receiving butter fat or corn oil were 
found only when lactose was in the diet. If the lactose, either in the 
form of milk or the pure compound, was diluted with dextrose the 
differences were decreased. When dextrose, sucrose, dextrin, or corn 
starch supplied all of the carbohydrate the differences were abolished. 
Not all investigations have shown a superior growth-promoting effect 
of butter fat. Deuel, Movitt & Hallman (97) measured the growth 
rates of rats receiving olive oil, peanut oil, soybean oil, or butter 
fat incorporated in mineralized skim milk and found no significant 
differences, although there was a slight tendency for the rats receiy- 
ing butter fat to grow the most rapidly. If diacetyl (an artificial 
butter flavor) was added to the vegetable fats a slight increase in 
growth rate was observed. These authors conclude that with an ade- 
quate vitamin intake, all fats studied were of equal nutritional value 
and that differences, when observed, were merely reflections of appe- 
tite effects. Euler, Euler & Saberg (98) have also concluded that when 
adequately fortified with vitamins, margarine is not inferior in growth- 
promoting qualities to butter. An excellent summary of the relative 
nutritive value of different fats has been prepared by the Committee 
on Fats of the National Research Council (99). In conclusion they 
state: 

It seems clear therefore, that experiments may be designed in which growth 
and reproductive performance can be materially altered by changing the type of 
fat in the diet. However, with not more than 20 per cent of fat in the usual mixed 
diet the difference between fats sold under the same trade names may often be 
greater than the difference between unlike fats of diverse origins. Furthermore, 


upon repetition, factors, of which the experimenter is unaware, may bring about 
a reversal in results. 


In recent years there has been an accumulation of evidence tend- 
ing to show that the general physiological responses of several body 
processes, particularly growth and lactation, are improved by the in- 
gestion of fat in excess of the essential fatty acid requirements. 
However, Heywang (100) has found the hatchability of white leghorn 
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eggs was not statistically influenced by diets containing from 0.8 to 
8.8 per cent fat. 

Miscellaneous relationships.—In a past study, French (101) found 
that among the particular diets studied, the most efficient utilization 
of calcium by rats was obtained when the diet contained approximately 
5 per cent fat. This has been erroneously quoted by reviewers (102, 
103) as evidence that some fat in the diet enhances calcium absorp- 
tion, although the experiments actually showed that with diets contain- 
ing about 5, 14, 28, and 45 per cent fat (oleo oil), respectively, there 
was a progressive decline in calcium absorption. French & Elliott 
(104) have extended this study to completely adequate diets contain- 
ing from 0.28 to 39.29 per cent fat. When fed in equicaloric amounts 
which provided approximately equal intakes of nitrogen, calcium, 
and phosphorus, it was again found that increases in the fat content of 
the diet slightly decreased the acidity of the intestinal contents and the 
retention (absorption) of calcium. The total absence of pancreatic 
enzymes from the gastrointestinal tract of a human subject, with the 
resulting marked loss of fat in the feces, was found to be accompanied 
by an abnormally high fecal excretion of calcium (12). Bunkfeldt & 
Steenbock (105) studied the effect of dietary fat (cottonseed oil) on 
bone calcification in rats receiving diets completely deficient in vita- 
min D. They observed that when the diet was very low in phosphorus 
the calcification of the femur was lowered by fat. When phosphorus 
was present at optimal or above optimal levels, dietary fat increased 
calcification. However, if the Ca: P ratio was above 4 the fat effect 
was not found. 

Although dietary fat has been found to be necessary for the normal 
absorption of vitamin A, Reifman, Hallman & Deuel (106) have not 
observed any relationship between the rates of absorption of neutral 
fat and vitamin A. Adlersberg & Sobotka (17) and Slanetz & Scharf 
(107) have observed a pronounced increase in vitamin A absorption 
when phosphatides were simultaneously administered. This effect 
may be due, in part at least, to an antioxidant action similar to the 
recently demonstrated effect of tocopherols on vitamin A utilization. 
An adequate explanation for the very rapid gastrointestinal destruc- 
tion of vitamin A has been proposed by Hove (108) who found an 
active lipoxidase in the stomach but not in the intestines of rats. This 
enzyme, which catalyzes the destruction of carotene in the presence 
of methyl linolate, was inhibited by a-tocopherol. 

The effects of fat rancidity and of antioxidants on the availability 
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of dietary essentials have been stressed by several groups of investi- 
gators. Pavcek & Shull (109) have found a marked lability of biotin 
to the action of rancid fat, and Strohecker & Buchholz (110) have 
pointed out that fats exert a destructive influence on ascorbic acid 
when water is present, while in the dry condition the vitamin is not 
affected. Biological evidence that hydrogenation of natural fats con- 
taining tocopherols offers protection of vitamin E activity has been 
obtained by Miller (111), who found that nutritive value, as meas- 
ured by the number of rats born and weaned, was higher for hydro- 
genated than for unhydrogenated vegetable oils. 

Clausen, Barnes & Burr (112) have found that in purified diets 
not containing yeast or some active antioxidant, the fat may develop 
high peroxide values in as short a time as two weeks. The pure B 
vitamins which are known to be essential in the diet of rats did not 
exert any protective influence, but yeast was significantly antioxida- 
tive. Gyorgy & Tomarelli (113) have observed an antioxidant effect 
of yeast and also of oat, wheat, corn, rice bran, liver extract, molasses, 
and milk sugar residue. A number of the pure B vitamins were 
studied, but p-aminobenzoic acid was the only active substance found 
in this group of compounds. Unpublished results from one of our 
laboratories (114) show that neither p-aminobenzoic acid nor sulfanil- 
amide exerts any antioxidative action upon the fat (lard) of experi- 
mental diets. It should be mentioned that Gydérgy’s group utilize 
the change in iodine number of the fatty acids as an index of the 
progress of oxidation. Significant oxidative destruction may take 
place before measurable changes in iodine number are noticed, so 
that the comparison of rates of fat oxidation by this method does not 
reliably indicate the termination of the induction period which is 
generally considered the most significant chemical index of the keeping 
quality of a fat. The inadequacy of iodine number changes as a 
measurement of fat oxidation rates has been discussed by Lea (114a). 
Gyorgy, Stiller & Williamson (115) have found that the antioxidative 
activity of sulfhydryl compounds requires the presence of water and 
postulate that these compounds may exert a protective action in vivo. 
Barnes et al. (116) have concluded that the antioxidants which natu- 
rally occur in the fat tissues cannot be synthesized by the rat but must 
be supplied in the diet. Furthermore, it would appear that the to- 
copherols are the only substances that are effective in this respect. 
Houchin (117) has conducted further studies on the recently estab- 
lished phenomenon of increased oxygen consumption by muscle tissue 





mit at an 26 


-_— . te 


esti- 
iotin 
have 
acid 
5 not 
con- 
been 
neas- 
ydro- 


diets 
velop 
ire B 
d not 
xida- 
effect 
ASSES, 
were 
found 
f our 
lfanil- 
xperi- 
utilize 
of the 
r take 
ed, so 
es not 
ich is 
eeping 
; as a 
114a). 
idative 
er and 
1 VIVO. 
1 natu- 
it must 
the to- 
espect. 
estab- 
> tissue 





FAT METABOLISM 225 


from vitamin E deficient animals. An attempt to rule out a non-biologi- 
cal antioxidant action as a factor in this increased oxygen consumption 
was made, but to the reviewers it seems that an enzymatic oxidation of 
fatty acids has not been completely excluded. Oxidation of fatty acids 
at double bonds such as takes place in the rancidification process has 
never been observed in living tissues. The observations of Hove 
(108), who found an enzyme similar to the lipoxidase of soybeans in 
extracts of rat stomach and liver, provide some indirect evidence that 
this type of oxidation may take place. Further studies on the kinetics, 
activation, and inhibition of the lipoxidase of plant tissues, particu- 
larly from soybeans, have been made by several investigators (118 
to 121). Balls, Axelrod & Kies (121) have noted that the enzyme 
acts only on the “essential fatty acids” and have made the interesting 
postulate that the role of the essential acids in animal metabolism may 
be one of intermediate catalysis in some form of tissue oxidation. 

A number of other non-caloric activities of fats have been observed. 
Dam (122) has found that the exudative diathesis which is charac- 
teristic of vitamin E deficiency in chicks occurs when diets contain 
5 per cent cod liver oil, slightly rancid cod liver oil, or a mixture of 
fresh and completely rancid cod liver oil. It is concluded that rancidity 
does not contribute to these symptoms, but highly unsaturated acids 
seem to be necessary. Fish body and liver oils contain a substance 
which is effective in reducing the blood pressure of experimentally 
produced hypertension in rats (123). The effectiveness of these oils 
is increased by oxidative procedures which destroy vitamin A. Kamen 
(124) administered acrolein to dogs, cats, and rabbits and produced 
symptoms of burn shock. It is postulated that acrolein produced by 
the breakdown of fats may be a contributing factor in burn shock. 
However, as shock can be produced at temperatures much lower than 
are necessary for the formation of acrolein, this substance cannot be 
generally involved. Roffo & Roffo (125) have reported that oxidized 
fats fed to rats over a period of two years cause the development of 
gastric cancer. The diverse effects of solvents upon tumor production 
by carcinogenic agents is, for the most part, still unexplained. Dickens 
& Weil-Malherbe (126) and Merelli (127) have both confirmed the 
work of others that benzopyrene becomes less carcinogenic when dis- 
solved in solvent-extracted fat from rat carcasses. In these studies the 
method of fat extraction removed the phospholipids and when phos- 
pholipids alone were used as the solvent for benzopyrene, normal 
carcinogenic activity was observed (127). It is possible that oxidation 
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of the fat produced pro-oxidants which in turn destroyed the carcino- 
gen and that phospholipids prevented this effect through an antioxi- 
dant action. This type of carcinogen destruction by rancidifying fat 
has been given recent confirmation (111). In addition it has been 
shown that many carcinogenic hydrocarbons are pro-oxidants them- 
selves and the postulate has been advanced that their carcinogenic 
action is effected through a destruction of phospholipids (128). An- 
other interesting relationship between fat and experimental cancer has 
been shown by Wicks & Suntzeff (129) who found that two to ten 
days after a single local application of methylcholanthrene the ratio 
of total lipid to protein nitrogen of the epidermis of mice was reduced. 
In normal rats Wynn, Giddings & Haldi (130) have found that the 
ingestion of a high fat diet raised the fat content and lowered the 
protein content of the skin within one week. 

New investigations (131, 132) have confirmed the observations 
of Johnson, Freeman, and their co-workers, that the ingestion of a high 
fat diet increases red blood cell destruction, presumably by the fatty 
acids and soaps present in duct lymph. They have also demonstrated 
the presence in lipemic blood of an agent which increases the fragility 
of red blood cells (133). When an adult drinks one pint of 32 per cent 
cream the blood serum becomes injurious to the erythrocytes (132). 
Loewy et al. (131) in dogs and Josephs et al. (134) in normal in- 
fants have noted an increased output of urobilin in the feces when fats 
were ingested in increased amounts. This is indicative of extra blood 
destruction and it is interesting to speculate as to the part which 
excessive fat ingestion or abnormal fat absorption may play in cer- 
tain human anemias. It has also been suggested that this fat effect in 
its milder form may be a normal mechanism for disposing of an excess 
of red blood cells. 


OTHER LIPIDS 


Phospholipids ——Perhaps the most serious handicap in the study 
of the metabolic functions of lipids is the inadequacy of available 
analytical methods. This is particularly true in the case of the phos- 
pholipids. Marenzi & Cardini (135) have made a careful re-exami- 
nation of lipid extraction, lipid phosphorus, and phospholipid choline 
methods and have introduced certain modifications of their own. In 
addition, they have presented values for total phospholipid, choline 
phospholipid, lecithin, cephalin, sphingomyelin, and choline in normal 
human plasma. Artom & Fishman (136) have also given considerable 
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attention to phospholipid methods and have developed new modifi- 
cations for the determination of several fractions. The validity of 
measurements of a and 6 isomeric forms of phospholipids has been 
contested in the past on the basis that acid or alkali treatment causes 
a rearrangement of glycerophosphoric acid. Contrary to this, Bur- 
master (137) has found that alkali treatment of a and B glycero- 
phosphate alone or in mixtures with choline, serine, ethanolamine, and 
inositol did not cause any shift of the isomers. Woolley (138) has 
continued his investigations on the structure of phospholipids and has 
reported the isolation of a new inositol-containing phospholipid, liposi- 
tol, from soybeans. Analysis of this compound shows it to contain 
16 per cent inositol, 15.5 per cent carbohydrate (galactose), 8.3 per 
cent d-tartaric acid, and 23.6 per cent oleic acid. 

An interesting influence of the diet upon the composition of tissue 
phospholipids has been shown by Artom & Fishman (139, 140, 141) 
who found that rats receiving a purified laboratory diet had less cho- 
line-containing phospholipids in their livers than rats that had been fed 
a mixed stock diet. Although the composition of the two diets was 
completely different, these authors have related this effect to the casein 
of the experimental ration. Supplementing of the casein with choline, 
ethanolamine, dl-serine, glycine, /-cystine, or dl-methionine did not 
raise the choline-containing phospholipids to the level observed on 
the stock diet. However, there was a slight indication that choline 
supplements caused an elevation in this phospholipid fraction in wean- 
ling rats. The distribution of phospholipids in cancer tissue has been 
investigated by two groups of workers (142, 143). In one of these 
studies (143) nuclei separations were made and the conclusion was 
drawn that sphingomyelin was not present in the nuclei, but the pro- 
portion of lecithin at this site was higher than in the whole cells. 

Fishler et al. (144) injected inorganic P** into hepatectomized 
dogs and then measured the recovery of radio-phosphorus in the 
phospholipids of several tissues. From these data it is apparent that 
the plasma phospholipids synthesized in the kidney and intestine are 
not available to the plasma. Five hours after the injection of plasma 
containing radioactive phospholipids, Zilversmit et al. (145) found 
that 51 to 58 per cent of the phospholipid P*? was still in the plasma. 
The liver contained the next largest amount of this labeled lipid. The 
rate of turnover of different phospholipid fractions was measured by 
Hunter & Levy (146), and it was found that radio-phosphorus was 
slower to enter the sphingomyelins than the other phospholipids of the 











228 BARNES AND MACKAY 


liver. In the kidney the rates of P** turnover were approximately the 
same for all the phospholipids. Continuing their studies on the lipid 
metabolism of the fasting mouse, Hodge et al. (147) have noted that 
the P*? turnover of blood phospholipids passes through a maximum 
on the second and third day of starvation. The liver phospholipids 
were separated into so-called a- and B-fractions (not necessarily rep- 
resenting isomeric moieties) and with the exception of a-cephalin 
which remained constant, these fractions all showed a sharp increase 
in P*? turnover, and reached a maximum on the second fasting day. 

Special tissue lipids—In a series of three papers, Dimter (148, 
149, 150) has reported the isolation of a hydrocarbon resembling squa- 
lene from mammalian dermoid cysts and fetal and mature livers, but 
not from blood serum or depot fat. It is postulated that this hydro- 
carbon is a precursor of cholesterol. It was mentioned above that 
another hydrocarbon, nm-hexadecane, may be absorbed from the in- 
testinal tract and deposited in adipose tissue (7). Schuwirth (151) has 
made a very complete analysis of the lipid constituents of the human 
spinal cord; included are values for fat and cholesterol, ether-soluble 
glycerophosphatides, sphingomyelins, cerebrosides, and gangliosides, 
Klenk and his co-workers have continued their studies on the struc- 
ture of the sugar-containing lipids and have isolated hexacosanoic acid 
from the fatty acids of brain cerebrosides (152). In another publica- 
tion Klenk & Rennkamp (153) have reported the composition of 
three fractions of cerebrosides and gangliosides from cattle spleens. 
The cephalin fraction of human brain has been found to increase with 
age at the expense of other lipid fractions (154). Kaucher et al. (155) 
have determined the “essential” lipids in a wide variety of tissues and 
species. Confirming a similar relationship previously demonstrated 
for the phospholipids they found the essential lipid concentration to be 
related to the extent and variety of the physiological activities of the 
various tissues studied. 

Cholesterol_—There have been few significant contributions in the 
field of cholesterol metabolism. Sperry & Brand (156) have intro- 
duced certain modifications and have described conditions for accu- 
racy in the determination of blood cholesterol by the acetic anhydride 
method. Bloch & Rittenberg (157) have described a method whereby 
deuterium may be introduced into the side chain and ring of choles- 
terol. This deuterium-containing cholesterol was utilized by Bloch, 
Berg & Rittenberg (158) in studying the biological conversion of 
cholesterol to cholic acid. An anastomosis was made between the 
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gall bladder and the kidney pelvis in a dog. The labeled cholesterol 
was given intravenously and deuterium was found in the excreted cho- 
lic acid. Three days after its administration, the highest concentration 
of labeled cholesterol was found in the lungs followed by the liver. 
None was deposited in the brain or spinal cord. Rosenheim & Web- 
ster (159) have found cholestenone in dog feces after feeding brain ; 
they take the view that it may be an intermediate in the conversion of 
cholesterol to coprosterol. Coprosterol formation in the intestinal tract 
is completely inhibited by succinyl sulfathiazole, but this interference 
appears not to be due to the action of the drug on either bacteria or 
protozoa (160). Heinrich & Mattill (161) have reported that vitamin 
E deficiency in rats results in a marked increase in brain cholesterol 
and a lesser increase in muscle cholesterol. Total muscle lipids were 
unaffected. Foldes & Beecher (162) have made the interesting ob- 
servation that the depth and duration of ether and barbiturate anes- 
thesia are greatly increased by a previous injection of cholesterol. 


PATHOLOGICAL CONDITIONS 


Blood lipids —Glomset & Bollman (163) have found that the 
plasma lipids in dogs are depressed by a high lard diet and are tem- 
porarily elevated by a high egg yolk diet. They concluded that the 
total phospholipids and cholesterol are the most reliable indices of 
the variability of the plasma lipids. Peters & Man (164) studied the 
serum lipids in the postabsorptive state in normal persons and found 
that the ratios of cholesterol to lipid phosphorus and of free to total 
cholesterol were constant. Confirming others they found (165) that 
the serum cholesterol rises when the thyroid is removed and falls with 
the administration of active thyroid substance. However, they note 
that normal concentrations of serum cholesterol may be found both 
in patients with hyperthyroidism and thyroid deficiency. They report 
(166) that serum cholesterol is frequently elevated in patients with 
renal disease when there is edema associated with hypoproteinemia 
but the hypercholesterolemia cannot be correlated with any single 
feature of the disease. Thomas (167) reports a case of severe ne- 
phrotic hyperlipemia (edema and hypoproteinemia) in a child in 
which the concentration of total plasma lipids reached a maximum of 
6.6 gm. per 100 cc., and that of total cholesterol 2.0 gm. per 100 cc. 
Periods of elevation of the plasma lipid concentrations paralleled pe- 
riods of clinical exacerbation of the disease. In connection with work 
we have discussed earlier (132), it is interesting that the blood of this 
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patient had a distinct tendency to hemolyze spontaneously in vitro, 
In the dog and monkey bilateral nephrectomy or ureteral ligation 
causes a marked and progressive increase of total lipid and cholesterol 
of the serum (168) which is apparently not related to the lack of food, 
water, or other factors incident to the uremia. The injection of mas- 
sive doses of insulin into normal human subjects does not significantly 
alter the level of blood lipids (169). 

Josephs (170) has found a reduction of the vitamin A, carotene, 
and total lipid contents of the serum of children with pneumonia. Dur- 
ing convalescence the serum lipids of older children rose to a con- 
centration above normal and remained high for some time. Carotene 
but not vitamin A serum levels could be correlated with the lipid level. 
LeWinn & Zugerman (171) gave 100 gm. of fat to twenty patients 
with acne vulgaris and observed that the subsequent changes in blood 
cholesterol were not different from normal controls. 

Hepatic cirrhosis.—The old idea that a reciprocal relation always 
exists between the glycogen and fat content of the liver is known to 
be false. In addition there has been an incorrect interpretation of the 
protection afforded by a high carbohydrate diet against liver damage 
by chloroform. As a result of these misconceptions attempts to improve 
the resistance of the liver to injury from hepatotoxic agents have been 
restricted to the use of glucose administration. By biopsy studies 
Ravdin’s group (172) has shown that glycogen is not accumulated 
in the liver with glucose administration alone unless the total caloric 
intake is in excess of basal requirements. Even though such condi- 
tions are attained there is no guarantee that the glycogen deposition 
will reduce the liver fat content which is now recognized to be impor- 
tant in protecting against liver damage. The well-known lipotropic 
agents are either protein components or associated with protein foods 
and Ravdin et al. (172) find that the same type of diet (20 per cent 
protein, 74 per cent carbohydrate, and 6 per cent fat) which protects 
the liver from damage in the rat is effective in restoring to normal the 
fat and glycogen contents of the human liver. Treadwell, Tidwell & 
Grafa (173) have found that there is no correlation between the gly- 
cogen and fat of dietary fatty livers. In the rats having fatty livers 
there appeared to be an increased rate of glycogenolysis during fasting 
and a decreased glycogenesis following a standard dose of glucose. 
Deuel & Davis (174) have also observed a decreased glucose toler- 
ance in rats with dietary fatty livers; the effect is more marked in 
females than males. Apparently not all functions are impaired in 
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fatty livers, for Szego & Barnes (175) report that the liver mecha- 
nism for the detoxification of estrone is not inhibited by dietary fat 
accumulating in the liver. 

There is considerable evidence that in fatty livers, of some types 
at least, damage occurs more readily than in non-fatty livers. Chaikoff 
et al. (176) find that the deposition of excess fat in the liver may alone 
so damage this organ in the dog that a cirrhosis is produced. The 
same appears to be true in rats (177). But does not the very presence 
of an excessive amount of liver fat indicate that another factor is 
operative, namely, the dietary deficiency which permitted this deposi- 
tion of fat? 

Obesity—In an excellent review containing many new observa- 
tions, Newburgh (178) finds that obese subjects expend more energy 
to perform a measured amount of work than do normal persons. 
Evidence is presented that although heredity influences body build, 
the latter does not determine the presence of obesity. According to 
Newburgh, when obesity is a hereditary disease in man, it is the exces- 
sive appetite and not the fat deposits which is inherited. He believes 
that in no case is it justifiable to attribute obesity to hypopituitarism. 
Although hypophysectomized rats may retain normal amounts of depot 
fat if force-fed (32), they generally have a decreased appetite and they 
lose weight. Hetherington (179) finds no obesity after hypophysec- 
tomy, but an excess of fat is quickly deposited in the depots as a result 
of hypothalamic lesions even in the absence of the hypophysis. 

There is a strain of so-called “congenitally obese” yellow mice in 
which Newburgh (178) believes one is dealing with a hereditary 
bulimia. His contention that obesity is always due to taking in more 
food than is used up cannot be denied so that the immediate cause is 
an appetite which is not coordinated with the energy requirement. 
However, in some cases an attractive possibility is that the ultimate 
cause of obesity rests in abnormal fat depots which accept fat as readily 
as in the normal but release it less easily, with the result that the fat 
depots slowly increase. Salcedo & Stetten (180) present evidence 
which favors such a view. They fed deutero fatty esters to adult 
“congenitally obese” mice and compared the results with similar data 
on normal mice. They conclude that the proportion of the dietary 
fatty acids directly stored in the depots of the obese mice is normal. 
The turnover of depot fatty acids was much slower than in the normal 
mice, so they attribute the obesity to a retarded catabolism of the 
depot fatty acids. Another theoretical possibility is that in some cases 
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the obese organism may convert carbohydrate, which is the source of 
most depot fat, to fatty acids at an abnormally high rate. Along this 
line liver biopsies show a striking relation between the obesity of the 
patient and the lipid content of the liver (172). There is a reduced 
glucose tolerance in many obese individuals, but Newburgh (181) has 
shown that in 77 per cent of those adult obese hyperglycemic patients 
who were willing to undergo weight reduction the glucose tolerance 
became normal. 

Lipidosis—By repeated injections of lecithin (182) and ether- 
insoluble lipids of beef brain (183) Tompkins has reproduced in part 
some of the pathology of the lipid storage diseases. Bossa (184) has 
offered a classification of the lipidoses based on their chemical charac- 
teristics. One type is the Niemann-Pick or Tay-Sach’s variety. It is 
characterized by the accumulation of phospholipids in the internal 
organs, particularly in the spleen. A second type is found in Gaucher's 
disease where there are deposits of the cerebroside, cerasin, in the 
internal organs, especially in the spleen. In the third type where the 
disease of Hand-Christian-Schueller is the most prominent representa- 
tive, the lipid accumulation consists of cholesterol and its esters. A 
common characteristic of the lipidoses is the general disturbance of 
the lipid metabolism and the decreased utilization of some fraction. 
Garb (185) points out that xanthoma diabeticorum is not a disease 
entity like some xanthomas but the symptom and the result of a lipemia 
secondary to diabetes. 

Krause (186) has made an extensive examination of the changes 
in the bone marrow lipids of cats which were made anemic by fre- 
quent bleeding. In anemia the bone marrow lost total lipid due to a 
reduction in the neutral fat fraction. The concentrations of phospho- 
lipid, free fatty acid, cholesterol, and cholesterol-free non-saponifiable 
substances increased. The ratios of free to bound cholesterol, and of 
choline to phosphorus, showed no significant changes, and there were 
no changes in the iodine number and mean molecular weights of the 
fatty acids. The proposal was made that the lipemia which follows 
acute hemorrhage may be due to the transport of lipids to and from the 
marrow. 

A number of interesting reviews that appeared during the year are 
cited at the end of the bibliography (187 to 195). 
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THE METABOLISM OF PROTEINS AND AMINO ACIDS 
By CLARENCE P. BERG 


Department of Biochemistry, The State University of Iowa, 
Iowa City, lowa 


In the compilation of this review an attempt has been made to give 
appropriate recognition to the current interest in normal and emer- 
gency nutrition, by discussing such aspects as the amino acid needs of 
the human subject, the synthesis of blood proteins, intravenous ali- 
mentation, and the use of urea by ruminants. References to papers 
in the fields of plant and bacterial metabolism have been largely 
omitted. During the year many delayed foreign journals have become 
available, but their arrival has been erratic and it has not been possible 
to fill some of the gaps. Throughout the review / and d have been 
used in the configurational sense. 

Essential amino acids.—The amino acid requirements for main- 
tenance in the adult human subject have recently been tested with 
protein hydrolyzates and with mixtures of purified amino acids as the 
chief or sole source of protein nitrogen. Studies of the former type 
have come chiefly from the laboratory of Holt. Nitrogen equilibrium 
was readily maintained on an enzymic hydrolyzate of casein, but this 
was not possible with acid-hydrolyzed casein until tryptophane had 
been added (1, 2). Two other acid hydrolyzates were prepared, one 
from casein which had been deaminized to destroy the lysine (3) and 
the other from casein which had been oxidized with hydrogen perox- 
ide (4, 5) to convert the methionine to the corresponding biologically 
inactive sulfone (6) which was removed as the insoluble calcium sul- 
fonate. From the latter preparation most of the residual cystine was 
also removed by adsorption on norit. When the former hydrolyzate 
was fed in diets fortified with tryptophane, equilibrium was not at- 
tained until lysine was added (7, 8). Supplementation of the latter 
hydrolyzate with tryptophane, methionine, and cystine provided a mix- 
ture adequate for maintenance. Removal of the methionine produced 
negative nitrogen balances and loss of body weight; its restoration 
re-established nitrogen equilibrium in a few days, but did not increase 
the body weight. The inconsistent results obtained by the omission 
of cystine were considered to suggest that cystine was essential, but 
this conclusion was thought to require confirmation (9). An abstract 
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from the same laboratory indicates that a diet deficient in arginine 
maintained nitrogen equilibrium for a period of ten days but gives 
no preparative details (10). The tryptophane-deficient regimen was 
tolerated for at least five weeks, with no untoward effect (1), but the 
lysine-deficient diet produced nausea, dizziness, and a hypersensitivity 
to metallic sounds presumed attributable to the sharp rise in excretion 
of non-keto organic acids during the deficiency period (8). Possibly 
the excretion of such acids does constitute a “biochemical lesion char- 
acteristic of lysine deficiency” (8), but one is inclined to wonder 
whether the acid residues produced in the deamination of the casein 
were not a contributing cause of considerable importance in these 
particular tests. On the ninth day of the arginine-deficient diet, the 
seminal plasma of the three male subjects showed only a tenth of the 
normal number of spermatozoa; the authors therefore consider argi- 
nine an essential amino acid and assume that nitrogen equilibrium was 
maintained during the ten-day period because atrophy of the spermato- 
genic tissue provided the arginine required. This intriguing possibility 
deserves further study. 

Results of tests in the human subject fed highly purified amino 
acids have been announced by Rose and his associates in two short 
notes (11, 12). Nitrogen equilibrium was readily maintained when 
over 95 per cent of the nitrogen was fed in the form of the ten essen- 
tial amino acids, the nine previously shown to be indispensable for 
maintenance in the rat (13) and the adult dog (14), and the tenth (ar- 
ginine) required for maximum weight increment in the young rat 
(13). Removal of valine (11) or of isoleucine or phenylalanine (12) 
from the mixture caused a more marked negative nitrogen balance 
than did the removal of methionine (11) or of threonine or leucine 
(12); in each case addition of the missing amino acid promptly re- 
stored equilibrium. Curiously, histidine was not required for the 
maintenance of nitrogen equilibrium, or even for its restoration after 
a period of marked negative balance induced by the simultaneous re- 
moval of isoleucine or phenylalanine (12). Subsequent tests have 
indicated that tryptophane and lysine are also essential for mainte- 
nance, but that arginine is not (15). Publication of the details of 
these observations and the outcome of quantitative studies now in 
progress will be awaited with considerable interest. 

Dogs starved for several days can be kept in nitrogen equilibrium 
when supplied their non-protein needs by gavage and given mixtures 
of the nine amino acids essential for maintenance by intravenous 
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injection. Mixtures which contained glycine instead of histidine sup- 
ported positive balances for the first two or three days, after which 
nitrogen excretion increased and the balances became negative. In 
contrast, the administration of a tryptophane-deficient hydrolyzate 
of casein was always followed by a markedly negative balance, even 
on the first day (16). 

The nine amino acids required for growth in the rat appear to 
be indispensable also in the mouse (17). Since removal of arginine 
from the dietary mixture of twenty purified amino acids did not retard 
growth, the capacity of the mouse to synthesize arginine was probably 
appreciable ; inasmuch, however, as weight increments on the complete 
mixtures were sub-maximal, the evidence was inadequate to establish 
dispensability for maximum growth. Tests showed that a mixture of 
arginine and the nine essential amino acids supported slow growth; 
hence none of the ten other amino acids omitted could have been abso- 
lutely indispensable. 

Regeneration of hemoglobin and blood plasma and tissue proteins. 
—The war has emphasized the problem of shock and stimulated the 
study of such biochemically related aspects as the regeneration of 
hemoglobin and plasma proteins and the repair of body tissues. Only 
a small portion of this literature can be considered here. 

Direct evidence of interchange between plasma and tissue proteins 
(18) has been sought by transfusion and perfusion tests. Repeated 
transfusion into cats of fluid which contained plasma proteins in 
smaller concentrations than were present in the blood increased both 
the protein content and the volume of the blood plasma, probably be- 
cause the animal’s storage depots became satirated and could no longer 
take up protein from the transfusing fluid. Perfusion of surviving 
livers, with fluid which contained plasma protein and with fluid devoid 
of protein, suggested that the direction of movement depended upon 
the liver reserves and the protein content of the fluid. Transfusion 
into hepatectomized animals seemed to indicate that more plasma pro- 
tein could leave the blood than was necessary for normal metabolism, 
and conversely, that it could arise from some other source than the 
liver (19). Immediately after complete removal of the liver from the 
dog a small loss (or dilution) of total plasma protein occurred. There 
was a similar change in albumin content, a marked loss of fibrinogen 
and euglobulin, but an increase in pseudoglobulin. Little further 
change was noted. After plasmapharesis no regeneration of plasma 
protein was observed in nine hours (20). 
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In dogs maintained on low protein diets the hyperproteinemia 
produced by repeated injections of homologous plasma was greater 
than in dogs fed high protein diets, but the albumin-globulin ratio was 
lower (21). The hypoalbuminemia produced in dogs by three weeks of 
dietary protein deprivation could be corrected by the transfusions of 
large volumes of plasma daily (50 cc. per kg.) for a week, but during 
the following two weeks the plasma proteins returned to their previous 
low levels and the output of urinary nitrogen became greater than 
before (22). It was therefore considered probable that the capacity to 
convert plasma proteins into proteins of other tissue is limited enough 
to make small repeated injections more effective (23) than a single 
massive dose. 

Evidence that surgical shock may be a manifestation of hypo- 
albuminemia amenable to correction by the administration of amino 
acids has been reviewed at intervals by Elman (24) who for some 
time has championed the use of protein hydrolyzates as a non-anti- 
genic source of protein nitrogen for safe parenteral administration. 
In dogs with hypoalbuminemia of dietary origin, the continuous intra- 
venous injection over a 48-hour period of a pancreatic hydrolyzate of 
casein which contained 3.5 gm. of nitrogen produced a positive nitro- 
gen balance and a regeneration of serum albumin which persisted for 
at least a week; when the period of injection was shortened to 24 
hours, proportionately less nitrogen was retained and the increase in 
serum albumin was not maintained (25). The mean survival time of 
dogs bled 10 cc. per kg. hourly was 3.7 hours. Injection with a pan- 
creatic digest of casein increased the survival time to 5.15 hours, with 
a mixture of the ten essential amino acids to 4.25 hours; an inter- 
mediate increase was noted with serum and with citrated plasma, but 
none at all with glucose (26). 

A mixture of the ten purified amino acids essential for maximum 
growth in the rat (13) was as effective by mouth as most native pro- 
teins for the production of plasma protein in standardized dogs in 
which depletion had been effected (27) by the removal of blood and 
the return of the washed cells (plasmapharesis). Most of the mixtures 
contained also glycine, to the extent of about one-fourth by weight. 
The 2.3 to 2.7 gm. of nitrogen supplied per day were adequate to 
maintain health and nitrogen equilibrium over test periods as long as 
six weeks, and were better tolerated by vein than an equivalent amount 
of any protein digest tested. When the nitrogen allotment was re- 
duced by omission of the glycine, the nitrogen balance remained posi- 
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tive and good plasma protein synthesis continued, but there was a 
small loss in body weight; an attempt to compensate for the glycine 
omission by increasing the proportions of several of the essential 
amino acids in the mixture did not improve the utilization. Removal 
of arginine for a week or two had no effect on maintenance, but did 
allow a slow fall in the output of plasma protein which returned grad- 
ually to normal when the arginine was restored. The simultaneous 
omission for one week of arginine, histidine, and most of the lysine 
from a mixture which contained also cystine, glycine, alanine, tyro- 
sine, and glutamic acid, caused a marked drop in the production of 
plasma protein, but supported body weight and nitrogen equilibrium. 
Under conditions not definitely determined, cystine (but not methio- 
nine) may stimulate the production of plasma protein for a week or 
more ; apparently its capacity to do this when added to a protein-free, 
but otherwise adequate diet, depends partly upon the nature of the 
protein fed previously. On an amino acid mixture in which methio- 
nine was replaced by cystine, production of plasma protein continued 
for a similar period, but dogs lost weight and showed a negative nitro- 
gen balance. Withdrawal of valine or threonine from the mixtures 
was followed both by a sharp decline in the production of plasma pro- 
tein and by a negative nitrogen balance. 

The regeneration simultaneously of both hemoglobin and plasma 
protein in dogs fed low protein diets with abundant iron, but bled to 
sustain anemia, has been similarly studied (28). Invariably the dogs 
produced more hemoglobin than plasma protein, usually 1.5 to 4 times 
as much, even when they were given digests of dog plasma or serum 
intravenously ; dog or sheep hemoglobin injected intraperitoneally 
was remarkably well utilized to form both. Mixtures of the purified 
amino acids necessary for maximum growth in the rat, plus glycine, 
were as effective for total protein production as digests of hemoglobin, 
serum, or casein, whether given by vein or by mouth. They favored 
hemoglobin production even more than did digests of hemoglobin or 
hemoglobin itself, so much so that the ratio of hemoglobin to plasma 
protein became too high to allow the hemoglobin level to be lowered 
adequately by bleeding, without simultaneously producing a danger- 
ous hypoproteinemia. Casein digests favored plasma protein produc- 
tion to about the same extent as serum digests. Replacement of the 
methionine in the amino acid mixture by cystine allowed the produc- 
tion of hemoglobin and plasma protein to continue, but yielded pro- 
portionately more plasma protein than had the original mixture. Ap- 
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parently cystine and choline can together induce the formation of both 
hemoglobin and plasma protein. 

Dogs made hypoproteinemic by low-protein intake and plasma- 
pharesis incorporated more radioactive sulfur into the plasma protein 
when the sulfur was fed in the form of cystine than when it was fed 
as methionine or homocystine plus betaine (29). Upon isolation and 
intravenous injection, plasma protein which contained radioactive sul- 
fur disappeared at the same rate from the blood of dogs in hemorrhagic 
shock as from normal animals (30). 

In normal fasted rats from which blood equivalent to 3.5 to 4.2 
per cent of the body weight was removed slowly to produce shock, 
the whole blood and plasma amino acid levels rose rapidly, but only 
after the blood pressure had fallen between 85 and 90 mm. Hg. Cor- 
relation with other observations suggested that anoxia caused by de- 
creased blood supply had lowered the capacity of the liver to effect 
deamination and had accelerated the breakdown of protein in the 
peripheral tissues (31). In dogs, the rapidity with which plasma 
proteins were regenerated in the first 72 hours following a single 
severe non-fatal hemorrhage was not affected by alimentation (32). 
Rats with hepatitis induced by restriction of diet and exposure to 
carbon tetrachloride showed a hypoproteinemia attributable almost 
entirely to loss of albumin ; the limited functional capacity of the liver 
prevented the type of protein fed from exercising its usual influence 
upon the plasma protein level (33). Dogs fed low-protein diets for 
several weeks proved to be very susceptible to chloroform injury of 
the liver, but methionine afforded protection when it was given just 
before or within four hours after the anaesthesia. Choline plus cystine 
(but not choline alone) showed a similar effect. The results were 
ascribed to reincorporation of sulfur into the protein matrix of the 
liver from which it had been lost during the period of protein deple- 
tion ; possibly it is required for the proper functioning of vital enzyme 
systems (34). Electrophoretic analyses have confirmed the view that 
the changes in serum protein associated with hepatic insufficiency are 
due in part to impaired albumin production ; the most consistent and 
characteristic abnormality noted, however, was the increase in the 
y-globulin fraction, which has the highest molecular weight (35). 

Numerous tests have been made of the suitability of gelatin as a 
colloidal and non-antigenic emergency substitute for plasma. After 
its injection intravenously into protein-depleted animals some excre- 
tion into the urine occurred, but evidence was also obtained for its 
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partial retention, probably unchanged, for 24 hours and for its partial 
metabolism (36). In normal dogs half of the gelatin injected was lost 
in half an hour, but some remained even after three days. Only a 
third or less of the amount lost from the plasma was recoverable from 
the urine (37). In dogs subjected to hemorrhagic or burn shock, gela- 
tin infusion was superior to saline; again, not all of the gelatin lost 
from the blood could be recovered in the urine (38). 

Utilization of non-protein nitrogen in the ruminant.—Evidence for 
the synthesis of protein in the rumen from non-protein nitrogenous 
source has recently been reviewed by Goss (39). The few studies 
mentioned here contain data of supplementary interest. Calves were 
unable to maintain nitrogen balance on diets which contained 4.4 per 
cent of protein, but grew satisfactorily when enough urea was added 
to make the nitrogen content of the diet equivalent to 16.2 per cent 
of protein ; on the diet thus fortified the digestibility of dry matter and 
carbohydrates was apparently better, a fourth to a third of the nitro- 
gen was retained, and the muscle tissue produced was normal in crude 
protein content (40). When 25 per cent of the total nitrogen intake 
of dairy cows was as urea, milk yields and body weights were usually 
well maintained and the percentages of protein, fat, lactose, and total 
solids in the milk were not altered. The urea content of the milk 
approximated that of the blood and never exceeded 28 mg. per 100 ce. 
The urea wastage, which always occurred, was less after a preliminary 
period on a diet deficient in protein (41). In vitro tests of the liquor from 
a steer with a rumen fistula suggested that microorganisms in the 
paunch produce ample amounts of urease to convert rapidly to am- 
monia all of the urea likely to be fed (42). Incubation of the rumen 
liquor under various conditions indicated that both protein synthesis 
and protein breakdown may occur. Starch was especially effective 
in promoting synthesis, gelatin in inducing hydrolysis. Hence the 
feeding of non-protein nitrogen probably favors the synthesis of pro- 
tein when the starch content of the diet is sufficiently high to balance 
the nitrogen present; under certain conditions it may diminish pro- 
tein breakdown. The biological value of a protein for ruminants may 
therefore depend not only on its amino acid content, but also on 
whether its presence in the paunch promotes protein synthesis or 
protein hydrolysis (43). 

d-Amino acids——A comprehensive review of the metabolism of 
the d-amino acids may be found elsewhere (44). Recent tests with a 
strain of Bacillus subtilis have revealed the excretion of a peptide com- 
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posed of d-glutamic acid units linked through the w-carboxyl groups 
and showing no response to the biuret test and no susceptibility to 
racemization (45). Hydrolysis of gramicidin by a procedure known 
to cause slight racemization produced leucine which was largely of 
the d configuration (46), thus confirming previous observations. The 
valine was racemic, either because both enantiomorphs coexist in 
gramicidin or because the valine was selectively racemized during the 
hydrolysis (46, 47). The first alternative is indicated by the inter- 
mediate isolation from partially hydrolyzed gramicidin of an optically 
inactive benzoyl valylvaline (48). The phenylalanine from tyrocidine 
was predominantly of the d configuration ; the other amino acids were 
mainly / (49). 

The possible existence of d-glutamic acid in tumor tissue is the 
subject of several German papers which have become available in the 
past year. Abderhalden has discussed the problem of avoiding con- 
tamination with inorganic salts and other amino acids in the usual 
methods of isolating glutamic acid; from studies in which he has 
effected purification through the ester he concludes that certain types 
of carcinoma tissue contain no d-glutamic acid; that tumor tissue 
may yield it, but in much smaller amount than claimed by Kogl; and 
that its presence is probably a reflection of failure of enzyme systems 
to function normally (50, 51). Klingmiiller has studied several iso- 
lation procedures critically and found them to yield too little of the d 
acid to warrant considering it a significant component of malignant 
tissue (52). Wieland has employed a new isolation procedure in- 
volving selective adsorption of the dicarboxylic acids from acidic 
solution ; removal of adsorbed cystine by simultaneous reduction and 
elution with a saturated solution of hydrogen sulfide ; and final elution 
with barium hydroxide solution to provide an eluate from which pure 
glutamic acid hydrochloride could readily be prepared for optical 
activity determination. Although 80 per cent of the total glutamic 
acid and 71 per cent of the admixed d acid were recovered consistently 
from test solutions, more than 2 per cent of the d isomer was never 
found in the glutamic acid isolated from the hydrolyzates of several 
types of tumor tissue (53). On the other hand, Kégl, Erxleben & 
van Veersen have reexamined the question, using dl-, d- and /-glu- 
tamic acid marked with deuterium to aid in estimating the complete- 
ness of isolation. Their data indicated degrees of racemization lower 
than originally reported, but ranging from 3 to 4 per cent for some 
types of tissue up to 40 or 48 per cent for others. The authors empha- 
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size the consistency with which certain types of tissue have yielded 
small amounts of d acids, others large amounts, in their several years 
of experience. They also observe that they have obtained higher 
yields of glutamic acid than have other analysts (54). Unfortunately 
neither argument is valid, per se. 

Abderhalden has suggested that dl-amino acids are produced in 
vivo by the amination of a-keto acids, but that appreciable accumula- 
tion of the d component is normally prevented by the d-amino acid 
oxidase system; hence, that the contributing cause for the existence 
of racemic amino acids in tumor tissue may be the destruction of 
this enzyme system and a consequent availability for protein synthesis 
of abnormally-high concentrations of racemic amino acids (50). The 
validity of the basic assumption is open to question, but in certain 
malignancies the d-amino acid oxidase system does seem to be af- 
fected. A statistically significant depression from normal d-amino acid 
oxidase activity was observed in extracts of the livers and kidneys of 
rats with Walker carcinomas (55). The riboflavin content of the 
livers was normal (56), and the d-amino acid oxidase activity could 
not be accelerated by addition of excess flavin-adenine-dinucleotide. 
Calculations showed that the specific protein component was deficient 
both in the liver and the kidney (57). Complete removal of the carci- 
noma was followed by a return to a normal liver content of d-amino 
acid oxidase in ten or twelve days (58). Shack has also observed 
reduction of d-amino acid oxidase activity in the liver of tumor-bear- 
ing rats (59). 

The d modifications of methionine and phenylalanine were avail- 
able to the mouse for growth, but the d isomers of valine, leucine, 
isoleucine, and threonine were not (17). Isotopic d-lysine with N’ 
in the a-amino group and deuterium in the 6, y, and 8 positions was 
added in small amounts daily for four days to the stock diet fed grow- 
ing rats. About half of the amount ingested was excreted unchanged ; 
some deamination of the balance occurred, but the /-lysine isolated 
from the tissue proteins contained neither deuterium nor heavy ni- 
trogen (60). 

Albanese & Irby have cautioned against the use of racemic amino 
acids in essential amino acid mixtures, on the ground that the unuti- 
lizable optical isomers may exert a toxic influence (61). The assump- 
tion is attractive, but unfortunately quite unwarranted by the evidence 
presented. The only isoleucine in the essential amino acid mixture 
used was part of an “J-leucine-isoleucine mixture” of unstated com- 
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position. The marked loss in weight of all rats fed the essential amino 
acid mixture is in striking contrast with the experiences of others 
(13, 17, 27) with essential acid mixtures which contained racemic 
amino acids in similar proportions. The possible existence of an 
overshadowing deficiency in the diet was not investigated, nor was 
any attempt made to verify or account for the reported nitrogen re- 
tentions of 0.154 to 0.381 gm. per rat in a twelve-day period during 
which 10 to 21 gm. of the initial 44 to 61 gm. of body weight were lost. 

Deamination.—l-Amino oxidase has been isolated from the kidney 
of the rat, rabbit, cat, mouse, and pig and from the liver of the rat, by 
low temperature acetone precipitation and salt fractionation. The 
activity of the contaminating d-amino acid oxidase was eliminated by 
precipitating its protein component with the /-amino acid oxidase 
under conditions which did not also precipitate the flavin component. 
The / enzyme reacts with molecular oxygen and hydrogen acceptors, 
such as methylene blue, and is insensitive to caprylic alcohol and 
cyanides. During anaerobic oxidation in the presence of catalase a 
molecule each of ammonia and the keto acid was produced for each 
atom of oxygen absorbed; in the absence of catalase, hydrogen per- 
oxide accumulated and the ratio of oxygen to ammonia approximated 
2 to 1. The oxidase had little or no effect on aspartic acid, glutamic 
acid, arginine, lysine, ornithine, serine, or threonine and no effect on 
B-alanine or the d-amino acids. Of the twelve amino acids affected, 
leucine was the most readily oxidized, histidine and alanine were the 
least. Keto acids corresponding to leucine, isoleucine, and methionine 
were isolated (62). 

Resting suspensions of B. coli and other bacterial species deami- 
nated serine both aerobically and anaerobically to produce pyruvic 
acid, but the deamination was usually effectively blocked by esterifi- 
cation of the hydroxyl group. Threonine was converted anaerobically 
to a-ketobutyric acid, but alanine was not attacked. In the presence 
of magnesium chloride, cell-free liver extracts deaminated serine 
anaerobically in a similar manner. The mechanism probably involved 
removal of the elements of water to form the a, B-unsaturated a-amino 
acid, followed by rearrangement to the a-imino acid and hydrolysis of 
the latter to yield the corresponding a-keto acid and ammonia (63). 

Urea formation.—In the past year Krebs has published a critique 
of experimental findings which have been interpreted as at variance 
with the ornithine cycle theory (64). Leuthardt’s observation that 
the liver of starved guinea pigs forms urea more rapidly from gluta- 
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mine than from ammonium chloride (65) was verified experimentally, 
but the need of assuming a more direct conversion of the amide nitro- 
gen of glutamine to urea than via ammonium glutamate and the 
ornithine cycle was challenged by demonstrating that ammonium 
glutamate was converted to urea quite as rapidly as glutamine. The 
report of Borsook & Dubnoff that rapid synthesis of arginine is 
effected by the kidney cortex from citrulline and glutamic acid (66) 
was also confirmed; tests based on acceleration of urea production 
by glutamic acid did not warrant assuming that an analogous reaction 
occurred in the liver. The increased rate of urea production reported 
by Bach (67) from citrulline or ornithine in the presence of a-keto- 
glutarate or pyruvate was not confirmed. The results of the perfusion 
studies with rat liver which Trowell interpreted as contradicting the 
ornithine cycle concept (68) were attributed, for the most part, to his 
use of unfavorable experimental conditions. 

Evidence submitted by Gornall & Hunter (69) has lent consider- 
able support to the ornithine cycle theory. In the presence of ammo- 
nia, carbon dioxide, and lactate, ornithine and citrulline showed ap- 
proximately the same capacity to stimulate the synthesis of urea by 
liver slices from starved rats, and the effect of the two together never 
exceeded the maximal effect of one alone. Measurement with a suitable 
colorimetric method (70) showed that citrulline synthesis accompanied 
the accelerated urea production induced by adding ornithine. Thus, 
the speed of the over-all reaction in the cycle appears to be limited by 
the rate at which citrulline can be converted to arginine. Bach’s ratio 
of one between ammonia nitrogen used up and urea nitrogen produced 
with citrulline as a catalyst (67) was fully confirmed, but was inter- 
preted as in harmony with the theory of a continuously operating 
cycle, rather than as affording evidence, as Bach implied, that synthesis 
of urea from citrulline may not proceed via arginine. Gornall & 
Hunter point out that the ratio of 0.5 proposed for the synthesis by 
Krebs & Henseleit was based on a single experiment in which a ratio 
of 0.69 was actually found (71) and could apply only if the ornithine 
liberated with the urea were prevented from reentering the cycle. 
Ratios above one were found when large amounts of ornithine were 
provided, and were accounted for by the formation and accumulation 
of citrulline ; contrary to the assumptions of Borsook & Dubnoff (66), 
this suggests that the kidney mechanism may actually serve to convert 
citrulline provided by the liver to arginine. The observations in the 
paper were in complete contrast with those of Trowell (68). 
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Ammonia production.—Attention has recently been called to the 
existence of a glutamine-like substance in blood plasma (72, 73), spinal 
fluid, and their ultrafiltrates (73). In dogs with explanted kidneys 
the amide nitrogen removed from the blood plasma was sufficient to 
account for the amide nitrogen eliminated as such in the urine, the 
ammonia removed from the kidney by the renal vein, and 60 per cent 
or more of the ammonia excreted in the urine (74). In hydrochloric 
acid acidosis the administration of glutamine increased the ammonia 
excretion ; in alkalosis less amide nitrogen was removed. Blood urea 
was not used for ammonia production. In experiments in which the 
amide nitrogen did not account for all of the urinary ammonia, the 
a-amino nitrogen made up the difference. In a sense, these experi- 
ments represent an interesting modification of the theory proposed by 
Bliss (75, 76) some years ago. The existence of a glutaminase in the 
kidney has been known for several years (75, 77) and the existence 
of glutamine in animal tissues has been established (78, 73). 

Transmethylation.—In the synthesis of creatine from guanidoacetic 
acid by rat liver slices, d-methionine was only half as effective as its 
natural antipode. The a-keto analogue was equally effective, but 
whether it was first converted into the /-amino acid was not deter- 
mined. Benzoic acid, which inhibits d-amino acid oxidase, inhibited 
transmethylation by d-, but not by /-methionine. Since the methyl 
sulfonium chloride derivative was active, but the sulfoxide and the 
sulfone were not, oxidation of the sulfur atom was probably not in- 
volved in the process (79). Deuterium fed to a human subject for 
three days in the methyl group of methionine could be isolated, in 
larger percentages, from either the methyl group of the creatinine 
excreted in the urine or the methyl groups of choline prepared from 
the blood, than from either parent compound as a whole (80). Ap- 
parently transmethylation from choline to methionine is automatic 
and continuous. In rats fed deuteriocholine and homocystine the 
deuteriomethyl group was found in tissue methionine, but this was 
true also when the deuteriocholine was fed without the homocystine, 
or with ordinary methionine (81). 

That anserine, the methyl derivative of carnosine, may derive its 
methyl group from “labile” methyl groups of the diet was shown in 
the rabbit fed deuteriomethionine. The deuterium predominated in 
the methyl groups of the anserine, choline, and creatine isolated from 
the tissues, and in the methyl groups of the creatinine separated from 
the urine (82). 
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Dosage with nicotinamide is followed by the urinary excretion of 
its methylated derivatives, trigonelline and N'-methylnicotinamide 
(83). One per cent of nicotinamide fed in a 10 per cent casein diet 
inhibited growth in rats, apparently because it depleted the animals’ 
supply of methyl groups. Growth was restored by the administration 
of methionine or of choline plus homocystine, but not by betaine or 
choline, or by cystine or homocystine. The unavailability of the methyl 
groups of betaine and choline was in contrast with their availability 
in other processes of methylation (84). The mechanism operates 
aerobically in liver slices (85). 

Methionine and cystine.—Contrary to a previous report (86) mice 
grew well on diets which contained methionine, but only traces of 
cystine (87). Mesolanthionine (which lacks one of the sulfur atoms 
found in mesocystine) failed to promote growth in rats fed a cystine- 
deficient diet, probably because it was not split or because it yielded 
d-cysteine, which is not convertible to the / enantiomorph (88). The 
assumption that bromobenzene inhibits growth in rats by creating a 
cystine deficiency has been verified by correlating rate of growth with 
the cysteine excreted as bromphenylmercapturic acid and the organic 
sulfur available for growth (89). Phenyl-l-cysteine is acetylated by 
the rat and excreted as /-phenylmercapturic acid, as might have been 
assumed, though not heretofore proved (90). Diets high in d/-methio- 
nine (6.4 to 12.5 per cent) caused the liver to atrophy, but produced 
no lesions ; food intake was poor, but the atrophy was not attributed 
to starvation. Cysteic acid (12.5 to 15 per cent of the diet) induced 
portal necrosis and cirrhosis of the liver, but taurine (1 to 10 per 
cent) produced no lesions (91). 

Cystinuric dogs maintained on 10 and 25 per cent arachin diets 
produced much more “extra” urinary cystine from 2 gm. of cystine 
than from 2 gm.. of methionine, the reverse of observations made 
earlier with casein (92). In the same dogs maintained on 10 per cent 
casein diets, cystine or cysteine derivatives in which either or both the 
sulfur and nitrogen groups were bound, yielded little or no extra uri- 
nary cystine; glycylcysteine gave less than a fifth, and homocysteine 
only a fourth as much extra cystine as an equivalent amount of 
cysteine. Neither homocysteine nor homocystine was excreted un- 
changed (93). 

When methionine was incubated with liver brei it retained its 
sulfur, but underwent deamination; with liver slices a loss of both 
sulfur and nitrogen occurred and small amounts of cysteine were 
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produced, possibly from the tissue. Less cysteine was formed from 
homocystine and choline and none at all from the keto acid correspond- 
ing to methionine (94). The enzyme which produces hydrogen sulfide, 
ammonia, and pyruvic acid from cysteine has been prepared in par- 
tially purified form from both rat (95) and mouse (96) liver. It is 
similar to, if not identical with, the dehydrase which produces pyruvic 
acid from serine (96, 63). Since preparations from the liver, kidney, 
and pancreas show disproportionate production of hydrogen sulfide 
from cysteine and homocysteine, the desulfurase which attacks homo- 
cysteine is presumably not the same as the one which attacks cysteine 
(97). Incidentally, the addition of sodium sulfide to liver and kidney 
tissue did not inhibit oxygen consumption as it did with brain 
tissue (98). 

The anaerobic decarboxylation of /-cysteic acid to taurine shown 
with liver extracts (99) can also be effected by kidney brei. In the 
presence of oxygen, kidney slices and kidney brei produced similar 
decreases of carboxyl groups, but the brei also caused deamination, 
as did intestinal mucosa (100). 

Phenylalanine and tyrosine ——Contrary to earlier reports that con- 
figuration is without influence in human alcaptonuria, less than half 
as much homogentisic acid was excreted after the ingestion of 5 gm. 
of d-phenylalanine as after the ingestion of 5 gm. of the / form. Similar 
conclusions were reached with /- and dl-tyrosine. Phenylpyruvic acid 
was produced from the d-phenylalanine (101). Pregnancy was with- 
out influence (102). 

In mice which had been fed phenylalanine or tyrosine for several 
weeks, a transitory “alkali” test for alcaptonuria could be obtained 
after a minimum oral intake of 0.25 gm. of /-phenylalanine or /-tyro- 
sine ; 0.25 gm. of d-phenylalanine and 0.13 gm. of dl-tyrosine were 
ineffective. Without the preliminary feeding period even massive 
doses of the natural isomers failed to produce the test. The urine gave 
a positive ferric chloride test, indicative of phenylpyruvic acid, after 
feeding either isomer of phenylalanine; and a positive Millon’s test 
after the ingestion of dl-tyrosine (103). 

Homogentisic acid has been isolated from the urine of rats fed 
0.4 gm. of /-tyrosine per 100 gm. daily, after preliminary tyrosine 
feeding (104) and from the urine of rats fed diets containing 12 per 
cent of /-tyrosine for several days (105). d-Phenylalanine and dl- 
tyrosine in even larger doses produced too little homogentisic acid for 
detection by the “alkali” test (104). That small single parenteral 
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dosages of J-phenylalanine will produce alcaptonuria in rats (106) has 
been denied and attributed to reliance upon the ammoniacal silver 
reduction test which also responds to ketonic acids (104). Homo- 
gentisic acid exhibits chemiluminescence in alkaline solution (107) and 
may thereby be distinguished qualitatively from gentisic acid and other 
substances which do not (105). 

Several recent papers (108, 109, 110) represent a reinvestigation 
of the syndrome which may occur in rats fed diets which contain 5 to 
10 per cent of tyrosine (111, 112). The authors suggest tentatively 
that tyramine produced by the kidney may be the responsible agent 
(108, 109). Why homogentisic acid production should not occur in 
these rats (109) as in others (105) is not clear. 

In the guinea pig fed extra tyrosine with a vitamin C-—deficient 
diet, the administration of a small single dose of glutamic acid or other 
acid substance lowered the output of tyrosine metabolites, probably 
because it mobilized ascorbic acid from stores not otherwise called 
upon ; repetition failed to produce the same effect, and change to a 
more alkaline state increased the output. Ascorbic acid fed with so- 
dium bicarbonate did not induce the same lowering as ascorbic acid 
alone (113). 

When premature and full term infants were maintained on a vita- 
min C-deficient diet calculated to furnish them 0.5 gm. of tyrosine 
and phenylalanine daily per kg. of body weight, and were fed 1 gm. 
of dl-phenylalanine in addition per kg. per day for several days, they 
excreted phenylalanine, enough tyrosine to crystallize from the urine, 
and large amounts of p-hydroxyphenyllactic and p-hydroxyphenyl- 
pyruvic acids. No homogentisic acid was found, and the output of 
phenylpyruvic acid was extremely small, even after larger repeated 
dosages of phenylalanine. Ingestion of tyrosine produced the corre- 
sponding hydroxy and keto derivatives in large amount, but no phenyl- 
alanine. Vitamin C, given simultaneously with large repeated doses 
of phenylalanine or tyrosine, had little effect on the metabolite excre- 
tion (114). In a phenylpyruvic oligophrenic, phenylalanine, phenyl- 
lactic and phenylpyruvic acids were always excreted in the urine. The 
output could readily be increased by feeding phenylalanine, but not 
by feeding tyrosine. There was no evidence either of conversion of 
phenylalanine to tyrosine or of abnormal tyrosine metabolism. Large 
dosages of vitamin C did not affect the disturbance (115). 

Further confirmation is had of an enzyme, extractable from the 
liver, which oxidizes /-phenylalanine without splitting off ammonia; 
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the extract acted similarly on /-tyrosine. A corresponding enzyme 
could not be isolated from the kidney (116). 

Diiodotyrosine and thyroxine.—Conversion of radioactive iodide 
to diiodotyrosine and thyroxine occurred upon incubation with thyroid 
tissue slices in bicarbonate-Ringer’s solution ; homogenization or desic- 
cation of the tissue prevented the change (117). The process was re- 
tarded by sulfanilamide (118) and by poisons known to inhibit aerobic 
oxidations involving the cytochrome oxidase system (119). 

The thyroid activity produced by iodinating casein and soybean 
protein in bicarbonate solution reached a maximum when four atoms 
of iodine were added per molecule of tyrosine, enough for the substi- 
tution of two atoms in each molecule (120). Hydrolyzates of such 
iodinated casein prepared with barium hydroxide yielded 0.4 per cent 
of crystalline dl-thyroxine, 29 per cent of the total indicated by bio- 
logical assay (121) ; hydrolysis with a sulfuric acid—butyl alcohol mix- 
ture allowed the isolation of 0.1 per cent of crystalline /-thyroxine 
(122). Comparisons indicated that the thyroid activity of iodinated 
casein differed in several respects from that of thyroglobulin (123). 

Radioactive iodide injected intraperitoneally into rats deprived of 
all thyroid tissue was recoverable in appreciable proportions from the 
liver and intestines as diiodotyrosine and thyroxine (124). 

Tryptophane.—The mode of development and type of cataract 
formed in rats fed diets deficient in tryptophane differed from those 
of cataracts associated with riboflavin deficiency or the feeding of 
galactose or xylose (125, 126). N-Methyltryptophane (/-abrine) 
prevented the cataract development and promoted growth, but in 
rats fed a diet deficient in “labile” methyl groups it did not prevent 
the accumulation of liver fat (127). 

After fifty or more days, depending on age, rats fed tryptophane- 
deficient diets showed a reduction in plasma protein and hemoglobin, 

but not in erythrocyte count; though fed in amounts barely adequate 
for maintenance, similar diets supplemented with tryptophane pre- 
vented such change (128). Similar hemoglobin reduction was noted 
in young rats fed diets which contained only 3.5 per cent of lactalbu- 
min, in contrast with controls given the same vitamin, mineral, and 
caloric allotments, but more lactalbumin (18 per cent); increased 
caloric and iron intakes afforded no improvement on the low-protein 
diet (129). To what extent the latter results may be attributable to 
differences in intake of tryptophane can at present only be surmised. 

A short note indicates that female rats placed on a tryptophane- 
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deficient diet after insemination failed to cast litters (130), thus con- 
firming a similar observation made accidentally several years ago 
(131). However, such an observation alone affords little justification 
for attributing (130) poor reproduction on low protein diets specifi- 
cally to an inadequate intake of tryptophane; there is at present no 
basis for assuming that normal reproduction can occur on any diet 
markedly deficient in any of the several amino acids essential for 
growth. 

Recent evidence indicates that the formula originally assigned to 
kynurenine (132) is incorrect. The new structure proposed is that 
of o-aminophenacylaminoacetic acid, 


o-H.N - C,H, CO: CH. : CH(NH.) : COOH, 


the d! modification of which has been synthesized and compared with 
kynurenine isolated from the urine of rabbits fed tryptophane (133). 
The sulfates of the two products showed melting points which agreed 
well, they gave identical ultraviolet absorption spectra, showed identi- 
cal titrations with alkali in alcoholic solution, and responded similarly 
to the tests for kynurenine outlined by Kotake (134). Both substances 
produced o-aminoacetophenone on heating with barium hydroxide and 
both stimulated the development of eye pigment in v-Drosophila and 
a-E phestia (133). 

Unfortunately it has been impossible to secure for appropriate 
review here several pertinent articles by Kotake, et al., outlined in 
abstracts prepared abroad (134). 

The green pigment-producing compound observed in the urine 
of pyridoxine-deficient rats (135) and pigs (136) has now been 
proved identical with xanthurenic acid (137), 4,8-dihydroxy-2-quino- 
line carboxylic acid (138). A few years ago this product was found 
to be excreted by rats and rabbits, but not in appreciable amount by 
dogs, fed high protein diets (139). It was produced in rats, rabbits, 
and guinea pigs fed large amounts of tryptophane, apparently being 
formed via kynurenine, but not via kynurenic acid (140), with which 
it may be coprecipitated (139). The impression should not be left 
that kynurenine and kynurenic acid are excreted only in the vitamin- 
deficient animal (137). This has not previously been intimated for 
kynurenic acid production; it has been suggested, but not definitely 
proved, for the production of kynurenine. The possible formation 
of even other quinoline derivatives (141) and of anthranilic acid 
(134) complicates the picture of tryptophane metabolism considerably, 
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but may help explain why such a small part of tryptophane or of 
kynurenine appears in the urine as kynurenine or kynurenic acid 
(142). 

Histidine —Several papers concerning the role of urocanic acid 
in histidine metabolism have only recently become available (143, 
144, 145). As in most earlier studies, no urocanic acid was excreted 
after histidine was fed to dogs or injected in large doses into rabbits 
(143) or guinea pigs (145). Contrary to the report (146) that uro- 
canic acid is formed as an intermediate by histidase none could be 
detected upon incubating histidine with liver tissue (143). However, 
aqueous liver extracts converted urocanic acid to a substance from 
which one equivalent of ammonia was liberated by strong alkali, but 
only a trace by sodium carbonate (143). The responsible enzyme 
(urocanicase) and histidase were each nearly completely separable 
from the other. The action of the histidase on histidine was depressed 
by the addition of urocanic acid (144), d-histidine, or pyruvic acid 
(143), but the action of urocanicase on urocanic acid was unaffected 
by the addition of either /- (144) or d-histidine, or pyruvic acid (143). 

When urocanic acid was injected, even in doses as low as 0.1 gm., 
it was excreted largely unchanged ; from urocanic acid solutions incu- 
bated with a crude extract of rat liver for 24 hours, /-glutamic acid 
was isolated in theoretical yield (145). As a result of these observa- 
tions and the decrease in primary amino nitrogen noted in previous 
tests, such decrease when histidine is added to liver slices being ap- 
parently not accompanied by an appreciably accelerated oxygen uptake 
(147), Edlbacher suggests that certainly the chief route of histidine 
metabolism is cleavage of the imidazole ring by histidase to produce 
l-glutamic acid without disrupting the a-amino group; but that an 
alternate and subsidiary mechanism may provide urocanic acid by 
a-deamination, in which case cleavage by urocanicase may produce 
l-glutamic acid via /-isoglutamine, the a carbon of which was originally 
part of the imidazole ring (143, 145). 

Repetition of previous studies has substantiated the earlier ob- 
servation that reconstituted d-amino acid oxidase does not attack 
dl-histidine (148). On the other hand, rat liver apparently does 
contain an enzyme capable of oxidizing both /- and d-histidine with- 
out rupturing the imidazole ring (149). Unfortunately the latter 
paper has not been available. 

In rats both J- and d-imidazolelactic acid promoted moderate 
growth, the former somewhat better than the latter, when the hy- 
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drolyzate which they supplemented was made deficient in histidine 
by precipitation with silver oxide, but not when the histidine was 
precipitated with mercuric sulfate. Supplementation with /-histidine 
promoted growth on either hydrolyzate. The reason for the dis- 
crepancy is not yet apparent (150). 

Miscellaneous.—The -alanine found in carnosine has usually been 
assumed to arise from aspartic acid. Supporting evidence was not 
obtained by applying a method of f-alanine assay based on the growth 
of diphtheria bacillus to solutions of aspartic acid or B-aspartylhistidine 
which had been incubated with homogenized rat liver or kidney, or 
with muscle strips. Rabbits showed no f-alanine in the blood or urine 
after the injection of either compound; after B-alanine was injected it 
could be detected in both (151). A possible mechanism of synthesis 
of B-alanine from methylglyoxal, suggested by work with yeast, has 
recently been proposed, apparently with little experimental substanti- 
ation (152). 

Mice fed glycine which contained C** in the carboxyl position 
stored more glycogen in the liver than could have been produced 
from the glycine of the diet. Hence, analytical data which show that 
the feeding of one compound produces a new and different one do 
not necessarily justify assuming that the new substance was actually 
formed from the compound fed; ordinarily the safer interpretation 
would be the less definite one that the compound fed promoted the 
formation of the new substance (153). 

It is undoubtedly obvious to the reader that any discussion of 
even the current literature in a field this comprehensive cannot be 
complete. To keep within the space allotted and yet offer more than 
a catalogue of references, several interesting aspects of protein 
metabolism have had to be left untouched. Papers have been omitted 
which might have contributed to the subjects discussed ; perhaps some 
of those included might better have been omitted. Differences of 


opinion and judgment are inevitable, but fortunately are often stimu- 
lating. 
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THE STEROIDS 
By F. C. Kocnu 


Armour Research Laboratories, Armour and Company, 
Chicago, Illinois 


This review is limited to the recent chemical work on bile acids, 
sterols, steroid hormones, and their metabolism. The sapogenins and 
saponins are not included because of last year’s excellent survey." 
The new developments in the vitamin D field are reviewed else- 
where in this volume (see page 422). 


DISTRIBUTION OF STEROLS 


A systematic investigation of the digitonide precipitate obtained 
from the nonsaponifiable fraction from marine forms reveals the 
general distribution of cholesterol, the very frequent occurrence of 
7-dehydrosterols, and probably of other known and unknown sterols. 
The 7-dehydrosterol estimations were based mainly on the absorption 
spectrum values in the ultraviolet range. The authors conclude that 
Meandra areolata and Xiphogorgia sp. contain clionasterol or a sub- 
stance very similar thereto; Limulus polyphemus and three varieties 
of sea urchin contain clionasterol or a sitosterol type; and Plexaura 
flexuosa contains a mixture of Cz) and C;, steroid compounds, one of 
which has been named gorgosterol (1). 

Cholesterol has been found in the liver of Sepia officinalis, but none 
was found in sea anemone. Relatively pure clionasterol (C.;H4.O) 
and actiniasterol (C.;H,,O) were separated from Anemontia sulcata 


(2). 


DEHYDRATION OF STEROIDS 


Attempts to dehydrate cholesterol by heating a solution thereof in 
liquid sulfur dioxide with the addition of various catalysts led to the 
conclusion that seventeen hours at 100° C in the presence of anhydrous 
copper sulfate forms 54 per cent of dicholesteryl ether and leaves 41 
per cent as unchanged; with copper, Raney nickel, ferrous sulfate 


1 Annual Review of Biochemistry, XI, 101-50. 
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and a mixture of sodium carbonate and cupric phosphate no ether was 
formed; “plaster of Paris inhibits the reaction”; hydrated copper 
sulfate causes more extensive side reactions; and heating at 135°C 
causes resinification (3). 

Refluxing 3(6)-acetylcholestanol-7(B) in pyridine with p-toluene 
sulphonyl chloride gave the best yield of A’ or y-cholestenol acetate 
(1). By oxidizing this with osmium tetroxide and saponifying a 
cholestanetriol-3($), 7,8 (11) was obtained. By oxidation with per- 
benzoic acid and saponification, cholestanediol-3,7-oxide-8,14 (III) 
was produced, which after conversion into the 3(f)-acetate and oxi- 
dation by chromium trioxide gave a 7-keto derivative (IV) and this 
by hydrochloric acid with ethanol yielded either or both V and VI 


CsA: CsHi; C.H,; 
a te : 
AcO HO OH HO OH 
II 


III 


| C.His 
AcO 8) AcO 
Vv 


VI 


I 


CsHis 


AcO ‘oO 


IV 


(4). In support of the above structural relations it has been observed 
that the catalytic reduction of 7-keto-cholesterol acetate produces the 
two epimeric forms, 7(a) and 7(B) of 3(6)-acetylcholestandiol-7 (5). 

In the acetylation of ergosterol by boiling acetic anhydride the 
yield of acetate is always very low. The main product obtained is the 
dehydrated derivative, ergostatetraene-B (6). 

Interesting observations are accumulating on the dehydration of 
the 11 or 12-hydroxy derivatives of the bile acids and in the pregnene 
series. In the bromination of 3(a)-acetyl-12-ketocholanic acid methyl 
ester two monobromo derivatives are formed. One of these, the 11- 
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bromo derivative (VII), when debrominated in pyridine yields 
3(a)-acetyl-12-ketocholenic-9 acid methyl ester (VIII). Reduction 


oO 


COOCH,; 





H 
Vil VIll 


of the latter by the Wolff-Kishner procedure led to the production of 
three acids which were difficult to separate. On the basis of the types 
of oxidation products obtained by treatment with perbenzoic acid it 
is probable that the reduction products obtained were 3(a)-acetyl- 
cholenic-9:11 acid methyl ester (IX), 3(a)-acetyl-cholenic-11: 12 
acid methyl ester (X) and lithocholic acid methyl ester (XI) (7). 


The greater speed of saponification of the 3-acetyl group in 
3(a), 12(B)-diacetyl-etiocholanic acid was taken advantage of in the 
preparation of the 3 keto-12(()-acetyl-etiocholanic acid (XII). The 
latter after saponification was benzoylated to yield 3-keto-12-benzoyl- 
etiocholanic acid and this on heating in high vacuum yielded the 
3-keto-etiocholenic-11 acid. Reduction of this yielded 3(a)- and 3(B)- 
hydroxy-etiocholenic-11:12 acid (XIII and XIV) (8). 


OAc 


COOH ‘OOH COOH 
HO’ 
H H HO it 


XII XIII XIV 
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A dehydration of 12-hydroxyprogesterone through heat treatment 
of the 12-benzoyl derivative (XV) led to the formation of what prob- 
ably is an 11: 12-dehydroprogestrone (XVI) which is quite different 
from the 9:11-dehydroprogesterone prepared previously from 11- 
hydroxyprogesterone. The new product (XVI) is only about one 
half as active as progesterone (9). 


iactitiai - CH, 
OCOC,H, CH, i 
=O 


\ 
NX 


O 


XV XVI 


The dehydration of corticosterone acetate by dilute mineral acids 
has been found to lead to the formation of a mixture of 11(a)- and 
11(B)-hydroxy and A®*:1"- and A‘*:?*-corticosterone acetate (10). 


HyDROGENATION OF BILE ACIDS AND STEROLS 


Complete hydrogenation of A°:® *°:*?-3(B)-hydroxy-norcholadienic 
acid yielded a mixture of isomers involving carbon 20 (XVII and 
XVIII) (11). 


COOH COOH 
CH, cr 
.- ® Hy Fi: 
“NH cH, 
HO : HO 
H H 
XVII XVIII 


The catalytic hydrogenation of dehydrocholic acid with Raney 
nickel catalyst at 105 to 110° C in the presence of methanol leads to the 
formation of 12 per cent methyl dehydrocholate, 20 per cent methyl 
reductodehydrocholate, and 67 to 85 per cent of reductodehydrocholic 
acid (12). 





the 


anc 
suc 
bec 
the 


eas 


§-cl 
leac 


If | 
eve’ 
to t 


acid 
pota 
has 


nt 


nt 
1- 
ne 


cids 
and 


ienic 
and 


aney 
to the 
rethy! 
cholic 





STEROIDS 207 


Hydrogenation of zymosterol (XIX) in the presence of platinum 
in an acid solution forms mainly a-cholestenol (XX). In other words, 
the 9:11 double bond is not saturated but shifted to the 8:14 position 


C,.H,—CH=C(CH,), C.Hir 


HO HO 


XIX XX 


and the side chain becomes completely saturated. In a neutral medium, 
such as acetic ether, only the unsaturated bond in the side chain 
becomes hydrogenated but the double bond in the ring remains in 
the original position. Apparently the 6:7 unsaturated position is 
easily hydrogenated in acetic acid solutions for isodehydrocholesterol 
(XXI) is also transformed into a-cholestenol (XX) but in part into 
§-cholestenol (XXII). Ergosterol in acid solution in the same way 
leads to a-ergostenol, but if hydrogenated in neutral media yields 
At and A**:? dihydroergosterol and finally y-ergostenol (XXIII). 
If palladium black is substituted for platinum as the catalyst then, 
even in neutral solvents, we find a shift of the labile unsaturated bond 
to the A**'* position (13). 


C,H, C.Hi; CoH 


HO ; HO HO 


XXI XXII XXIII 


BILE Acip PREPARATION 


For the preparation of desoxycholic acid the oxidation of cholic 
acid in 10 N acetic acid and sodium acetate by the gradual addition of 
potassium dichromate at 18 to 20° C during about twenty-four hours 
has been recommended. The gum after fractionation and reduction 
yielded 40 to 50 per cent of the weight of gum as desoxycholic acid 
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(14). Desoxycholic acid has been prepared by the oxidation of cholic 
acid in acetic acid or a mixture of acetic acid, water, and benzene by 
addition of chromic acid in dilute acetic acid, the separation of the 
keto compound formed as a semi-carbazone, and the reduction of the 
latter by the Wolff-Kishner method (15). Oxidation of cholic acid 
by chromic acid in glacial acetic acid plus one sixth volume water at 
0 to 7° C led to the formation of 3,12-diacetoxy-7-ketocholanic acid. 
Obviously, the oxidation of the alcohol groups is in the order of the 7, 
12, 3 positions (16). 

New studies on choleic acids indicate that crystalline choleic acids 
are formed by combinations of desoxycholic acid with chaulmoogric 
and hydnocarpic acids, the corresponding dihydro acids and 1,2,5,6- 
dibenzanthracene, but the ratios of components found do not appear 
to agree with the prediction of the theory of simple association (17). 
Bromination of crotonic acid-choleic acid or reduction of acetophe- 
none-choleic acid in various ways did not lead to the formation of 
optically active compounds. Apparently an asymetric synthesis with 
choleic acids does not take place (18). 


BROMINATION OF BILE ACIDS AND STEROIDS 


During the past year very important advances have been made in 
studies involving the bromination of bile acids and steroids followed 
by the systematic debromination of the bromo derivatives. Thus, in 
the formation of the tribromide from cholestenedione-3,6 and cho- 
lestanedione-3,6 a recent study (19) indicates that the tribromide is 
formed directly from the former, but that bromination of cholestane- 
dione-3,6 follows the reaction below : 
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Bromination of various derivatives of A*'-cholenic acid methyl 
ester by hypobromite or N-bromoacetamide in tertiary butyl alcohol 
produces three types of bromo derivatives as indicated below: 


Br 
Br 
Br 
HOBr 
Zn HOBr 
XXV 


xX) XXIV XXVII 


XXVI 


Three general reactions have been shown to hold in the applica- 
tion of these methods of bromination on the methyl esters of A''-cho- 
lenic acid, 3-keto-A''-cholenic acid, 3-acetyl-A'!-cholenic acid, 3-keto- 
A*-etiocholenic acid and A*-pregnenedione-3,20 (20 to 25). The 
main reaction is the formation of the 11-hydroxy-12-bromo derivative 
(XXVI). Compounds XXV and XXVII are formed by side reac- 


tions. Longer action of hypobromous acid on XXVII forms type 
XXVIII. 


OH 
br 
Br, 
XXVIII 


Type XXVI when oxidized by chromium trioxide yields the cor- 
responding 11-keto-12-bromo compound (XXIX). This after de- 
bromination by zinc yields XXX which by reduction with platinum 
plus hydrogen yields the 11-hydroxy derivative (XXXI). If XXVI is 
treated to remove hydrobromic acid it yields the 11(a),12(a)-oxide 
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(XXXII), an isomer of XXX, and by reduction with nickel and 
hydrogen yields in part XXXI. By dehydration of XXXI by hydro- 


Br 
O. ) HO,, 


XXIX XXX XXXI XXXII 


chloric acid, type XXIV is regenerated with the formation of some 
of the A®*™ derivative (XX XIla). Oxidation of XXTV by perbenzoic 
acid yields the 11(6),12(B)-oxide (XXXIII) and the 9,11-oxide 
(XXXIV) respectively (25). 


XXXIIa XXXIII XXXIV 


By application of these methods to A*'-pregnenedione-3,20 
(XXXV) the three types of bromo derivatives were formed (24). The 
11-hydroxy-12-bromo derivative (XXXVI) when carried through the 
steps of oxidation, debromination, and rebromination by bromine, 
under proper conditions, yielded the 4-bromo-1ll-keto derivative 
(XXXVII). This when debrominated by pyridine yielded 11-keto- 
progesterone (XXXVIIT). 


ae ¢ “H, 


oe Be ae 


XXXV XXXVII XXXVI XXXVIII 


Brominations in the androstane series if done at room temperature 
and in not too dilute solutions by bromine indicate that the bromine 
substitutes in different positions depending on the type of ester under 
consideration (26). Thus, androstanolone-17,3 hexahydrobenzoate 
or benzoate yields mainly the 2,2-di-bromo derivative, whereas the 
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17-acetyl ester of androstanolone-17,3 yields a mixture of the 2,2- 
dibromo and 2,4-dibromo derivatives. The 2,2-dibromo derivative 
when treated with collidine yields A‘**-2-bromo androstenolone-17,3 
esters. These by reduction with zinc yield A*:?-androstenolone-17,3. 
The 2,4-dibromo derivatives similarly treated yield A***-*:5-andros- 
tadienolone esters (XXXIX). These when reduced by zinc yield the 
A*®-androstenolone-17,3 esters, that is, testosterone esters (XL). 
The 2,4-dibromo derivatives also form some 2-bromotestosterone 
esters which on standing in acetic acid plus hydrobromic acid re- 
arranged to 6-bromotestosterone. Treatment of the latter by collidine 
resulted in the formation of A®:*-dehydrotestosterone esters (XLI). 


R OR R 


XXXIX XE. XLI 
OXIDATION PRODUCTS WITHOUT DEGRADATION OF THE SIDE CHAIN 


The mild oxidation of a-ergostenyl acetate by chromic acid yielded 
six neutral oxidation products which on the basis of chemical and 
spectrographic evidence are interpreted to be keto, oxide, and hydroxy 
derivatives involving positions 7, 8, 9, 14, and 15 (XLII, XLIII, 
XLIV, XLV, XLVI, XLVII) (27). Application of the same type 


CHie CHis CoH 
fe) oO 
e) 

AcO AcO fo) AcO’ 

XLII XLIII XLIV 

CHis CH CHo 
OH ' ) 

AcO’ oO AcO oO AcO’ 

XLV XLVI XLVII 


of oxidation to a-dihydroergosterol acetate led to the separation of 
three substances, one of which corresponds to XLII. The other two 
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are the 7-keto-8,9-oxide and 7-keto forms. From these studies the 
authors conclude that a-dihydroergosterol is A***?*:*%-ergostadienol-3 
(28). From similar studies carried out on a-spinasterol acetate the 
authors conclude that a-spinasterol is A*******-stigmastadienol-3 (29). 

Observations on the mild oxidation of a-cholestenyl acetate by 
chromic acid have also been reported. The main oxidation product is 
the 7-keto-8 :14-oxide derivative (XLVIII) (30). 


sH,; 


Oo 
XLVIII 


Oxidation of cholesteryl acetate by selenium oxide produced a 
25 per cent yield of 3(8),6(6)-diacetyl-A*-cholestene (XLIX). Oxida- 


C.H,; 


OAc 
XLIX 


tion of 3-orthocarbomethoxy cholesterol by selenium dioxide in an 
acetic acid-acetic anhydride medium similarly led to the formation 
of the following forms (31): 


1°) O ra) 
OAc | OAc o=t-d 
O==C—OCH; O==C—OCH; 

The oxidation of the 3-acid succinates of desoxycholic acid and its 
homologues yielded the corresponding 12-keto derivatives which on 
saponification yielded the 3-hydroxy-12-ketocholanic acid and the nor, 
bisnor, and etio homologues (32). 

Of special interest is the oxidation of steroid hormones by N- 
bromo-acetamide dissolved in tertiary butyl alcohol. A fair yield of 
androstanedione was obtained from trans-androsterone and an 85 
per cent yield from androstanediol. Although progesterone was not 
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affected, desoxycorticosterone probably yielded some A*-pregnene- 
dione-3,20-ol-21 (20). 


DEGRADATION OF THE SIDE CHAIN 


In the degradation of neoergosterol acetate it was found that either 
ozonolysis or osmic acid and periodic acid probably produce the 
a-[3(B)-hydroxy-5,7,9-estratrien-17-yl]-propionic acid (L). In ap- 

COOH 
H-C—CH, 


L. 


plying the Grignard reaction by adding phenyl magnesium bromide 
and methyl magnesium iodide respectively to the methyl ester of 
compound L, two tertiary alcohols were formed which. showed a 
striking difference in their behavior when dehydrated, as indicated 
below (33). 


JH OH 


4 
CHx _A—GHs CHa, ATH: 
Ny CHs Ny Cis 


al * Hs): 
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Ozonolysis of i-stigmasteryl methyl ether in chloroform at ice 
bath temperature for two hours yielded 62 per cent of LI which when 
refluxed with absolute methyl alcohol and potassium acetate produced, 
in a 98 per cent yield, the methyl ester LII. The methyl ester after 
refluxing with methanol and sulfuric acid resulted, after rearrange- 
ment, in an 87 per cent yield of methyl 3-methoxy-5-bisnorcholenate 
(LITI) (34). 


COOH COOCH, — 
H-—C—CH, H-C—CH, H—C-CH, 


LI LII LIII 


The oxidation of dibromcholesterol in an alkaline solution by 
hydrogen peroxide with a trace of moist silver oxide and benzene at 
60 to 80° resulted in a yield of 80 mg. of progesterone from 10 gm. of 
cholesterol (35). 

It was expected that application of the Barbier-Wieland degrada- 
tion to 3-hydroxy-12-ketocholanic acid would leave the 12-keto group 
intact. With phenyl magnesium bromide a 25 per cent yield of the 
expected diphenyl tertiary alcohol, with 12-keto group intact, was 
obtained. This after treatment with acetic acid and acetic anhydride 
lost one molecule of water from the C-23, C-24 position and was, of 
course, acetylated in position 3. The usual oxidation by chromium 
trioxide followed by saponification yielded the 3-hydroxy-12-keto- 
norcholanic acid (LIV) (36). By the same methods of degradation 


18] 


LIV 


and with the aid of chromatographic adsorption on aluminum oxide 
the methyl esters of 3(a)-hydroxy-A"!-nor- and -bisnorcholenic acids 
were prepared from 3(a)-hydroxy-A’-cholenic acid (37). 
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STEROIDS FROM OR RELATED TO THE SUPRARENAL CORTEX 


References are made elsewhere in this review to studies which have 
an indirect bearing on this section. Here are presented those studies 
which have a more specific and direct interest in connection with the 
chemistry of the suprarenal cortex steroids. 

It is well known that the steroids most potent in their effect on 
carbohydrate metabolism previously separated from the suprarenal 
cortex contain either the 11-keto or 11-hydroxy group. It was there- 
fore of interest to prepare the corresponding steroids with keto and 
hydroxy groups in position 12 (LIVa, LV, and LVI). These sub- 

pun CH,OH CH.OH 


o. 6C=0 H C=O OAc G==0 


LIVa LV LVI 


stances prepared by standard methods from 3(a),12(B)-diacetyl- 
etiocholanic acid were found inactive by the Everse-de Fremery test 
and LVI exhibited no antagonism toward insulin action (38). 

Additional evidence on the structures of compounds K and P pre- 
viously separated from suprarenal extracts has been presented more 
convincingly and completely. It is now clearly demonstrated that 
substance P is allopregnanetriol-3(),17(B),21-one-20 (LVII). Re- 
duction by hydrogen with platinum yields substance K or allo-preg- 
nanetetrol-3(6),17(B),20(B),21 (VIII). Other important evidence 
is obvious from the reactions indicated on page 276 (39). 


CH,OH CH.OH 
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OH 
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In the attempts to prepare 17-hydroxy compounds from the 17- 
ethinyl series it has been found difficult to control the hydration 
necessary for this reaction. It is now reported that p-toluolsulfamide 
mercury [(C;H;SO.NH.).Hg] is an excellent reagent for this pur- 
pose. The resulting 17-ol-20-one (LIX) when treated with aluminum 
butylate yielded the D-homo form (LX; see page 277). This is true 
starting with A°-17-ethinylandrostene-3(6),17(a)-diol, 17-ethinyltes- 
tosterone, or 17-ethinylandrostane-3(6),17(a)-diol (40). 
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(C,H,SO,NH,), Hg ete. 





LIX 





Studies on possible rearrangements in the removal of HX in 
steroids of the X-17 type where X may represent hydroxyl, acetyl, 


benzoyl, or chlorine suggest reactions as represented below by paths 
a and b. 


i 
Hc f— 
- ‘ 
C=O ‘ ‘ 
-¥> : 
H,C ‘ al : 
LXII 
Bi ae » I 
: c=0O0 c=o0 
LXI 5 CH, CH, 
or 
LXIII LXIV 


With 3,17-diacetate of pregnenolone-20 these paths were not 
demonstrated, but melting and vacuum distillation of 3-acetate-17- 
benzoate of pregnenolone-20 (LXV) reaction a was accomplished 
with the formation of by-products LX VII and LXVIII while no evi- 
dence was found for reaction b: 
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LXIX 
Treatment of 3-acetylpregnenol-17-one-20 by melting and distilling 
does not remove the water, but heating in a sealed tube with phos- 
phorus oxychloride at 100° indicated that route a was followed. The 
same is true for 17-ethinyl-3-acetylpregnenol-17 where in addition 
to substance LXVI product LXIX was formed. However when 
17,20-oxido-A*-pregnenone-3 (LXX) is treated with glacial acetic 
acid at room temperature reaction b seems to take place as indicated 
below (41). 
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In the treatment of the diacetyl-3,17-allopregnanolone-20 with 
methyl magnesium bromide and with subsequent hydrolysis the re- 
action progressed along two paths. The first is the normal one which 
after acetylation, oxidation, and saponification led to a good yield of 
trans-androsterone (LXXIII). The second involved rearrangements 


HO : 
H 


LXXIII 


resulting in the formation of D-homo derivatives indicated as follows 


(42): 


OMgBr 
<———C —CH, 








New compounds related to desoxycorticosterone have been pre- 
pared and the partial synthesis of 11-dehydrocorticosterone has been 
accomplished. Perbenzoic acid oxidation of A*-pregnenetriol- 
3(B),20,21 yielded pure pregnaneoxide-5,6-triol-3(6),20,21. With 
methyl magnesium bromide this oxide gave 6-methylpregnanetetrol- 
3(B),5,20.21 (LXXIV). The possible formation of 6-methylpreg- 
nanetetrol-3(8),6,20,21 is obvious, but no evidence is given that 
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such a derivative was formed. The product LX XIV on acetylation 
yielded the 21-mono- and the 3,21-diacetate derivatives. From the 
former the authors obtained by chromic acid oxidation in acetic acid 
the 20,21-diacetate of 6 methylpregnanetriol-5,20,21-one 3 (LX XV). 
This when dehydrated by hydrochloric acid gave the corresponding 
pregnene form (LXXVI). Oxidation of the 3,21-diacetate of com- 
pound LX XIV probably led to the formation of the 20-keto derivative 
(LXXVII) (43). 


CH,OH aioe oes CH,OAc 
| 
HCOH HCOAc HCOAc az 
HO t o t a oom 
CH; CH, CH; CH; 
LXXIV LXXV LXXVI LXXVII 


With 3(B)acetyl-11-ketoetiocholanic acid as the starting material 
the synthesis of 11-dehydrocorticosterone was accomplished by the 
steps shown on the opposite page (44). 


A AND D HomostTeErRoIpDs 


A-homocholestanone (LXXVIII) and A-homodihydrotestos- 
terone (LXXIX) have been produced (45). The latter is only one 
twentieth as androgenic as the D-homodihydrotestosterone in the 
capon test. 





LXXVIII LXXIX 


When 3,17-hydroxy-20-keto-pregnene (LXXX) is treated by 
potassium hydroxide and aluminum oxide respectively, two different 
D-homosteroids (polyhydrochrysenes) are formed (LXXXI and 
LXXXII) in which the a and 6 configuration on the 17a carbon atom 
is involved. The preponderance (70 per cent) of the formation of the 
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6 type over the a type (40 per cent) as diacetates is determined by 
the strength of potassium hydroxide. Low alkalinity favors the a 
formation, but strong potassium hydroxide or aluminum oxide favors 
6 formation. These relations are indicated below (46, 47). 
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Two kinds of D-homoandrostane derivatives (LXXXV_ and 
LXXXVI) ean be obtained by appropriate means from 3(f)-acetyl- 
17-hydroxy-17-aminomethylandrostane (LXXXIV). These when 
saponified and oxidized by chromic acid yield two different diketones 
(LXXXVII and LXXXVIII). However, complete reduction of the 
two ketone groups in the two isomers to CH, groups leads to the 
production of the same homoandrostane (LXXXIX). This shows 
that during the rather involved process of converting the 5-carbon D 
ring into the 6-carbon D ring there are no changes in the relations of 
rings D and C to each other. The various steps are shown in Figure 
1 (48). 
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Comparative assays with capons on the androstene or androstane 
series with the D-homo series are given in Table I. It is of particular 
interest to note that in shifting the 17-keto group to position 17a in 
D-homoandrostanedione there is a marked change in physiological 
activity. The D-homoandrostanediols-3,17 are more potent than the 
regular forms (48). 


TABLE I 


RELATIVE ANDROGENIC ACTIVITIES OF THE REGULAR ANDROSTANE AND 
ANDROSTENE SERIES AND THEIR D-HOMOLOGUES 


Micrograms equivalent to an international unit 
Substance Regular D-homo- 
series 
ug. 


Testosterone gists 
17(a) and 17a(a@) acetates Very active 


Dihydrotestosterone 
17(a)-trans and 17a(a) 25 


Androsterone 
cis-3(a)-17a-keto 
trans-3(B)-17a-keto 
Androstanedione-3,17 
D-Homoandrostanedione-3,17a 
D-Homoandrostanedione-3,17 
Androstanediol-3,17 
3(B),17(a) 
D Homo-3(6),17a(a) 
3(B),17(B) 
D Homo-3(f),17a(B) 


SYNTHETIC STUDIES 


Further advances have been made in the synthetic development 
of steroid-like substances from simple organic compounds. Thus, a 
number of 3-keto-1,2-cyclopentenophenanthrenes with different de- 
grees of hydrogenation in rings C and D have been prepared relatively 
easily. A 6-carbon D ring compound has also been added to the series. 
None of these substances contain the angular methyl groups (49). 

Acylphenanthrene after reduction and conversion into acid bro- 
mides was condensed with sodium malonic ester. The acid chloride of 
the condensation product by treatment with aluminum chloride formed 
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the 4-ketopentene ring and this by the Clemmensen reduction gave a 
homologue of Diels’ hydrocarbon (50). See Figure 2. 
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A new approach has been attempted starting with the diketone as 
in Figure 3 and interacting with 4-diethylaminobutane-2-one-meth- 


iodide to produce an isomer of androstenedione. A fractional high 
vacuum distillation gave a product which resembles androstenedione 
in many respects, especially in absorption spectrum. No positive bio- 
logical tests have been reported (51). 
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CoLor REACTIONS 


Modifications of old color reactions have been made mainly with 
the view of determining their specificities and their possible value for 
quantitative application. The value of various modifications of the 
Zimmermann meta-dinitrobenzene reaction continues to be a question 
especially as applied to urine extracts. The 17-ketosteroid estimation 
by this method is no doubt made much more specific and quantitative 
by applying it to the neutral ketone fraction (52 to 55). 
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A modification of the antimony trichloride reaction in glacial acetic 
acid and acetic anhydride has been much more specific for 17-ketoster- 
oids than the Zimmermann reaction. However, dehydroisoandroster- 
one reacts very faintly and androstanedione gives a negative test (56). 

Careful control of a modification of the Pettenkofer reaction with 
furfural is of value in distinguishing dehydroisoandrosterone from an- 
drosterone, testosterone, and methyl testosterone (57). 

The application of a modification of the guaiacol sulfonic acid 
plus sulfuric acid reaction has been found of value in distinguishing 
estrone and estradiol from estriol. The latter gives a very faint re- 
action. The method has not been developed for application to urine 
(58). The importance of details in the control of time, temperature, 
and concentrations of reagents and water has again been emphasized 
in the estimation of cholesterol by the Liebermann-Burchard reaction 


(59). 


STEROIDS IN HoG-TEstTIs TISSUE 


An intensive study on various fractions obtained from the acetone 
and benzene soluble fractions from hog testes revealed the presence 
of the following steroids in addition to cholesterol: A*-pregnenol- 
3(B)-one-20, allopregnanol-3B-one-20, cholestanetriol-3f,5,6(trans),- 
A*°-cholestadieneone-7, and two unidentified substances with the 
formula C.,H 320; and C,;H22O0.N.2. The C.,H;.O, yielded a dioxime. 
Neither testalolon (XC) nor testosterone were isolated, but it is pos- 


CHO 


-—— ©) 


HO 
XC 


sible that these were destroyed during the alkaline hydrolysis. The 
product reported here is not identical with Hirano’s testalolon (60) 
although it has the same formula, C,,H,.O;, and like testalolon forms 
a dioxime. Two isomeric forms of the structure previously ascribed 
to testalolon were prepared. These also differed from Hirano’s prod- 
uct (61). 
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METABOLISM OF STEROLS 


In attempts to prove the hypothesis that cholestenone is an inter- 
mediate product in the formation of coprosterol from cholesterol, 
dogs and rats were placed on a high cholesterol diet by feeding 
“steamed sheep’s brain.”’ By this procedure the feces contained more 
cholestenone than on the regular diet (62) and hence the authors 
conclude that these results are in harmony with the hypothesis. 

Peat soils are richest in sterols, but sandy soil, grass-land soil, and 
light loam are very low in sterol content. When cholesterol is added 
to soil it gradually disappears in twelve months. This is not the case 
when mercuric chloride is added to the soil. Hence, it is concluded 
that there is a microbiological degradation of steroids (63). 

Evidence for the conversion of cholesterol into cholic acid in the 
dog has been obtained by injecting deuteriocholesterol and following 
the deuterium distribution in the cholic acid obtained from the gall 
bladder as well as in the cholesterol extracted from the tissues. The 
fact that the cholic acid collected from the gall bladder was found to 
reveal a deuterium content of the same order as the deuteriocholesterol 
administered indicates that cholesterol was converted into bile acid. 
The highest concentration of deuteriocholesterol was found in the 
lung, with liver next, but none in the brain or spinal cord (64). The 
deuteriocholesterol was prepared in vitro by heating cholesterol at 
123 to 127° C for hours or days with reduced platinum oxide or sele- 
nium in water plus heavy water and/or deuterioacetic acid (65). 


METABOLISM OF STEROID HORMONES 


It has been confirmed that part of the suprarenal cortical hormones 
or products derived therefrom are excreted in human urine. In the 
“alkali insoluble fraction” obtained from a benzene or chloroform 
extract is found a principle which inhibits the water intoxication 
symptoms observed in adrenalectomized rats (66). This fraction not 
only prolongs the life of adrenalectomized rats but also raises the 
glycogen content in their livers (67). 

Considerable advances have been made in the studies on the sep- 
aration of conjugated steroids from urine and the application of these 
findings in improving the methods of extraction of and hydrolysis to 
the free steroid form. After the separation of androsterone sulfate 
(XCI) as a sodium salt from a specimen of pathological urine (68) 
which was exceedingly rich in ketosteroids, due to a liver tumor, it 
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was of considerable interest to find normal human urine to contain 
practically all of its neutral 17-ketosteroid fraction in conjugated forms 
and much of it as the sodium salt of dehydroisoandrosterone sulfate 
(XCII) (69). The fact that such substances when subjected to acid 


Oo oO 


Naosos” Fj NaOSO% 
XCI XCII 


hydrolysis led to the production of artifacts as by-products was ex- 
pected in the light of earlier quantitative studies on the extraction of 
steroids from urine. 

Attempts to hydrolyze these sulfates by treatment with barium 
chloride have been quite successful. Sodium dehydroisoandrosterone 
sulfate has been hydrolyzed by boiling it in aqueous solution with 
an excess of barium chloride. This procedure has also been applied 
to urine extracts (70). The enzymatic hydrolysis of pregnanediol 
glucuronidate by rat liver acetone powder has been demonstrated and 
suggests the application of hydrolytic enzymes to the problem of 
hydrolyzing the other conjugated steroid forms (71). It is, however, 
obvious that bacterial contamination must be guarded against in 
order to avoid the formation of still other artifacts. 

The estimation of the excretion rate of sodium pregnanediol glu- 
curonidate and its various sources and precursors continues to grow 
in interest. As a result of studying the distribution coefficient of 
sodium pregnanediol glucuronidate between neutral or alkaline urine 
and normal butanol it is now recommended that the quantitative ex- 
traction be based upon such distribution coefficients rather than on 
the tedious complete extraction (72). Studies on rabbits show that 
the normal animal does not excrete detectable amounts of pregnane- 
diol glucuronidate but after the injection of 225 to 930 mgs. of 
desoxycorticosterone a 5.6 to 14.6 per cent conversion into preg- 
nanediol glucuronidate takes place (73). These results are not sur- 
prising, but it is obvious that more sensitive methods for estimating 
pregnanediol are needed to study such metabolic changes under normal 
physiological conditions and to extend these studies to other cortical 
steroids. 
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A new steroid glucuronidate has been separated from the urine 
of a young woman with masculinism. It is not precipitated by digito- 
nine and does not give a positive test for the 17-hydroxyl group. It 
does not give a typical 17-keto test and probably contains an a-hy- 
droxyl in position 3 and a ketone group in position 20 (74). 

Studies on the metabolism of estrogens have been continued by 
following the total estrogenic activity in the urine and the distribution 
thereof between fractions representing estrone, estradiol, and estriol. 
The total recoveries in the urine are very poor and the methods for 
determining the individual types of estrogen are only approximate. 
Nevertheless the data indicate that in men and women the reaction 
estradiol = estrone — estriol holds. When large amounts of estrone 
are injected the main end product is estriol with some a-estradiol. 
Estriol injection is followed by a recovery of 56 per cent of the activity 
in the estriol fraction, very small amounts as a-estradiol and a doubt- 
ful recovery of estrone activity. Injection of a-estradiol in a man re- 
sulted in the formation of estrone and estriol but with very poor total 
recovery (75, 76, 77). 

That the liver is the main organ in which this metabolism of 
estrone and estradiol takes place is confirmed by in vitro studies with 
tissues from rabbits and rats. Activation of estrone on the other hand 
is achieved by incubation with the endometrium, spleen, heart, and 
lung. This probably involved the formation of a-estradiol. These 
general conclusions have been found to hold for normal as well as 
pregnant animals (78). In perfusion studies of rat livers with estro- 
gens, most activity was recovered as estradiol activity, then almost 
the same recovery for the estrone type, and only about one half as 
much in the estriol fraction (79). No evidence was obtained for 
the conversion of estrone into estradiol from studies on surviving 
bovine or human. endometrium. With rabbit endometrium there 
were marked losses of estrone, but no evidence of a-estradiol forma- 
tion (80). 

Quite disturbing evidence has been obtained in dogs after the in- 
travenous injection of a-estradiol. It is stated that little or no estro- 
genic activity is found in the liver three to forty-eight hours after the 
injection of 250,000 international units of a-estradiol, but that twenty- 
four to forty-eight hours after injection a considerable amount is 
found in the gall bladder bile and none in the spleen, intestinal wall, 
or hepatic vein blood. The authors offer the hypothesis that estro- 
gens are taken up in an inactivated form by liver cells, then re-ex- 
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creted and found partly active in the bile, and finally returned to the 
liver after absorption through the portal system (81). 

The fact that spayed mice in which fatty livers have been induced 
by feeding inadequate diet are not more sensitive to the injection of 
estrogens is taken as evidence that the rate of metabolism of estrogens 
is not altered in these animals. Naturally one wonders whether the 
doses of estrogen required for such studies are not too small for the 
detection of differences in rates of destruction (82). However, it has 
again been shown that estrone pellets when implanted in the spleens 
of male rabbits do not produce degeneration of the testicles, such as is 
observed after subcutaneous implantation (83). The unexpected simi- 
larity of stilbestrol to natural estrogen in biological reactions is also 
found in the destruction of stilbestrol by rat liver pulp (84). Although 
it has been claimed that vitamin B deficiency in rats results in a low- 
ered inactivating power or function of their livers, this is reported 
not to be the case as to the destruction or inactivation of testosterone 
propionate (85). 

Studies on the qualitative and quantitative distribution of various 
steroids in the neutral fraction obtained from the extraction of hydro- 
lyzed urine continue to produce interesting and significant results in 
health and disease. In three cases of cancer of the breast, no striking 
increases were found in the excretion of the steroids in the neutral 
fraction. In fact the amounts of androsterone and 3(a)-hydroxyetio- 
cholanone-17 isolated were abnormally low as compared with the re- 
sults obtained by others on normal urines (86). On the other hand in 
the case of an adrenalcortical carcinoma in a seven-year-old boy a 
marked increase in the excretion of 17-ketosteroids was observed and 
a new substance, probably A*-androstenetriol-3(B),16,17 was isolated 
(87). Marked fluctuations in the urinary excretion of gonadotropins, 
estrogens, and 17-ketosteroids over a period of three months have been 
observed in four normal men. No correlation between the three con- 
stituents was observed (88). A diurnal rhythm in the urinary excre- 
tion of 17-ketosteroids was, however, observed in young men—during 
the day the excretion of 17-ketosteroids per hour was distinctly higher. 
Usually the volume of urine was also greater during the day, but not 
regularly. Furthermore an induced diuresis did not increase the rate 
of 17-ketosteroid excretion (89). Some striking observations have 
been made on the urinary excretion of 17-ketosteroids in pilots under 
varying conditions of stress, altitude, and oxygen tension. In all cases 
“flight conditions” caused 17-ketosteroiduria and diuresis and these 
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were directly proportional to the percentage of “flying time” for pilots, 
and greater for test pilots. Poorer “performers” tended to give greater 
increases in 17-ketosteroiduria and diuresis. It appears that the 17- 
ketosteroiduria may in part cause some diuresis (90). By following 
the androgen excretion in normal individuals with the chick comb 
weight method, 8.4 to 16 international units of androgen per day 
were found as compared with the older values of 30 to 100 interna- 
tional units. The authors conclude that androgen excretion is con- 
stant per liter of urine in a given individual (91). The relation of 
age and development to the urinary excretion of 17-ketosteroids has 
been investigated. In children six years to ten years of age there is 
a steady but slow rise in the excretion. After that the rise is more 
rapid, especially in boys. Precocious puberty and retarded puberty 
are usually associated with rises and falls respectively in 17-keto- 
steroid excretion. More rapid growth usually is associated with rises 
in the excretion of 17-ketosteroids (92). 
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This review is concerned chiefly with the contributions which have 
appeared during the past three years on the biochemistry of nucleic 
acids and their hydrolysis products. The chemistry, function, and 
metabolism of the various adenine nucleotides and dinucleotides which 
have been included under the above title in other volumes of the 
Annual Review of Biochemistry have been largely omitted in the pres- 
ent report. These aspects of the subject have become an increasingly 
important part of the larger topic of intermediary carbohydrate me- 
tabolism and have recently been presented in A Symposium on 
Respiratory Enzymes (1). In a similar way, only certain phases of 
the biochemistry of uric acid have been included. Due to the war, a 
number of the papers mentioned have been available only in the form 
of abstracts. The author has attempted to present the results of such 
papers with the hope that they might be of interest even if a critical 
appraisal of the data is impossible at present. 
























RIBONUCLEIC ACID 


Molecular wetght.—Since the discovery that four mononucleotides 
could be obtained by the mild hydrolysis of yeast ribonucleic acid, 
several different tetranucleotide formulas have been postulated for its 
structure (2, 3,4). These have been made, however, largely without 
consideration as to whether or not the actual determination of molec- 
ular weight would lead to a value in agreement with the tetranucleo- 
tide theory. The first attempt to provide such correlation was that of 
Myrback & Jorpes (5), who showed by means of diffusion studies that 
yeast ribonucleic acid in the presence of appreciable amounts of sodium 
chloride gave diffusion constants! between 17 and 23 at 20°. Calcu- 
lations of molecular weights by an empirical method gave values be- 
tween 1,300 and 2,000. Under similar conditions, the ribonucleic acid 
of the pancreas gave diffusion constants between 12 and 16 and molec- 
ular weights between 2,700 and 5,200. While the method of calcu- 
lating molecular weights was open to question, the results provided a 


' Diffusion constant, D,, x 107 cm? per sec. 
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range for the diffusion constants of the two ribonucleic acids and 
showed a surprising difference between them. 

Diffusion studies on yeast ribonucleic acid have also been made by 
the author (6) and by Kunitz (7) and more recently on the ribonucleic 
acid of tobacco mosaic virus by Cohen & Stanley (8). Whereas com- 
mercial yeast ribonucleic acid gave values for the diffusion constant 
of the order of magnitude found by Myrback & Jorpes, purified prepa- 
rations gave significantly lower values between 10 and 13 at 20°. 
Estimations of molecular weight from such data by the method used 
by Myrback & Jorpes or by means of Stokes’ law give values several 
times that required by theory for the tetranucleotide structures men- 
tioned above. 

The experiments of Cohen & Stanley have established a poly- 

nucleotide structure for the ribonucleic acid of tobacco mosaic virus 
in an even more convincing fashion. Three types of virus ribonucleic 
acid preparations were compared by means of diffusion, sedimentation 
analysis, osmotic pressure, and viscosity measurements. Calculations 
of molecular weights and asymmetries of the different preparations 
showed that particle size and asymmetry were dependent on the 
method used in the preparation of the nucleic acid. That which gave 
the most asymmetric particle involved merely heat denaturation of 
the virus between pH 5 and 6 in the presence of sodium chloride. 
Such preparations were estimated to have molecular weights between 
150,000 and 290,000 and to be highly asymmetric, having an axial 
ratio of 27 to 1. In the form of neutral gels they showed spontaneous 
birefringence. In contrast to these highly asymmetric preparations, 
those prepared by treatment with sodium hydroxide at 0° gave molec- 
ular weights of about 15,000, were less asymmetric (axial ratio of 
about 10 to 1), and failed to show spontaneous birefringence. It ap- 
pears, therefore, that the native ribonucleic acid consists of highly 
asymmetric particles which either undergo spontaneous decomposition 
or are hydrolyzed by cold alkali to form a less-highly polymerized 
polynucleotide. An interesting paper with regard to the constituents 
of the ribonucleic acid of tobacco mosaic virus has appeared from 
3utenandt’s laboratory (9). It was concluded from absorption spec- 
trum measurements that, in the intact virus molecule, the purine and 
pyrimidine rings are oriented in approximately parallel planes per- 
pendicular to the longitudinal axis of the nucleic acid molecule. It 
may be recalled that the same type of orientation was found from 
x-ray data for desoxyribonucleic acid by Astbury & Bell (10). 
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Complete studies similar to those carried out on the ribonucleic acid 
of tobacco mosaic virus have not been reported for that of yeast. In a 
recent paper, however, Tennent & Vilbrandt (11) have examined the 
sedimentation and diffusion rates of a sample of yeast ribonucleic acid 
prepared by Caspersson. The sedimentation constant could not be 
determined, but if the shape of the molecule were assumed to be the 
same as that of a partially-hydrolyzed sample of thymus nucleic acid, 
the molecular weight would be of the order of 4,000 to 5,000. As the 
history of this preparation was hot published at the time, it is not 
known whether the sample had been freed from the lower molecular 
weight constituents which give a relatively high diffusion rate. As 
solutions of the purified commercial product show about the same 
specific viscosity as the alkali-treated virus nucleic acid, about 0.065 
for a 1 per cent solution as dry nucleic acid in 0.2 M sodium borate 
at pH 7.8 (12), it seems likely that this material will prove com- 
parable in molecular size to the tobacco mosaic virus nucleic acid 
prepared by alkali treatment. 

The results of several other lines of investigation, however, can 
also be interpreted as consistent with the view that yeast ribonucleic 
acid consists of an asymmetric polynucleotide. Various investigators 
(13, 14, 15) have shown that purified yeast ribonucleic acid contains 
only four acid groups for each unit weight of about 1,286 (the molec- 
ular weight of a tetranucleotide). While this has been interpreted by 
Takahashi (4) and Makino (13) as evidence for a cyclic tetranucleo- 
tide [see also Gulland (14) ], it is explained equally well by a rela- 
tively asymmetric, polynucleotide molecule, containing several tetra- 
nucleotide structures linked in a single chain. In such a structure the 
secondary phosphoric acid grouping postulated by Levene & Simms 
(3) can be considered linked to another tetranucleotide unit and the 
process repeated until a relatively asymmetric molecule is formed with 
only one terminal phosphoric acid group, being present as a mono- 
phosphoric ester. The simplest polynucleotide found by Cohen & 
Stanley for the alkali-treated virus ribonucleic acid would show, for 
example, 4.1 acid groups per tetranucleotide unit, a value in reason- 
able agreement with that mentioned above. Similarly, the more asym- 
metric polynucleotides should give a value even closer to four. 

The data obtained by Gulland & Jackson (16) on the amount of 
inorganic phosphate liberated from yeast ribonucleic acid by phos- 
phatase is also in agreement with the concept of a relatively asym- 
metric polynucleotide. As the terminal dibasic phosphate group of 
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such a molecule is the only one that should be split by phosphatase, 
the percentage of phosphate hydrolyzed should depend on the number 
of nucleotide units in the molecule. In the case of the tetranucleotide 
structure proposed by Levene & Simms, one should expect 25 per 
cent of the phosphorus to be hydrolyzed by phosphatase. Actually, 
the experiments of Gulland & Jackson show that usually the amount 
is much less than 7 per cent of the total nucleic acid phosphorus. If 
one phospho mono-ester group is present per molecule of polynucleo- 
tide of the size found by Cohen & Stanley for the alkali-treated virus 
nucleic acid, the amount of total phosphate hydrolyzed by phosphatase 
should be between 2 and 3 per cent. 

Structure. — An important question relative to the structure of 
ribonucleic acid is whether or not guanine-uridylic acid occurs as a 
constituent along with the other recognized nucleotides. Further ex- 
periments have been reported by Bredereck, Berger & Richter (17) 
on its isolation from yeast ribonucleic acid. They find in agreement 
with the earlier results of Gulland and co-workers (18, 19) that only 
certain preparations of yeast ribonucleic acid give guanine-uridylic 
acid on hydrolysis. It is not clear, however, whether its occurrence 
depends on the method of preparation of the nucleic acid or on the 
type of yeast used. They again express the view that this compound 
is a secondary rather than a primary product of ribonucleic acid 
hydrolysis. 

In experiments on the deamination of yeast ribonucleic acid with 
nitrous acid, they find that the original structure was preserved but 
that the aminopurines and aminopyrimidines were deaminated to the 
corresponding oxy compounds, which gave xanthine, hypoxanthine, 
and uracil after hydrolysis. The yield of deaminated ribonucleic acid 
was increased from 30 per cent in the earlier publication (20) to 47.3 
per cent. The deaminated product gave a nitrogen to phosphorus 
ratio of 1.35 in agreement with the theory that each tetranucleotide 
unit contains one molecule each of guanine, adenine, and cytosine, and 
that the amino groups are uncombined. 

In attempts to obtain products intermediate in size between mono- 
nucleotides and the original nucleic acid, the latter was subjected to 
hydrolysis in aqueous pyridine solution. In many cases it was possible 
to isolate guanylic acid as the brucine salt as well as a trinucleotide, 
which is stated to be homogeneous by analysis, titration, polarization, 
and by the quantitative determination of adenine. Further hydrolysis 
of the trinucleotide showed that adenylic acid was split off at the be- 
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ginning of the hydrolysis, whereas cytidylic and uridylic acids did not 
appear until later. This and the original isolation of guanylic acid is 
given as evidence for the occurrence of the purine nucleotides at the 
two ends of each tetranucleotide unit with the pyrimidine nucleotides 
occurring in the middle. Such results, however, were not found with 
all samples of ribonucleic acid used; in many instances, the other 
nucleotides were found along with guanylic acid after the initial 
hydrolysis. 

A similar conclusion with regard to the relative positions of the 
purine and pyrimidine nucleotides in the tetranucleotide chain was 
reached by Bolomey & Allen (21) as the result of studies on the 
hydrolysis of yeast ribonucleic acid by crystalline ribonucleinase? and 
by a non-specific phosphatase. It was found that the purine nucleo- 
sides were liberated at faster rates than the pyrimidine nucleosides as 
determined by analyses for total purine nucleoside nitrogen, guano- 
sine nitrogen, and inorganic phosphate. In the experiments with the 
non-specific phosphatase, the initial amounts of purine nucleoside 
formed were equivalent to the inorganic phosphate liberated. This is 
presented by the authors as definite proof that in this case no pyrimi- 
dine component was hydrolyzed. After a preliminary treatment with 
ribonucleinase, however, 0.38 equivalent of inorganic phosphate in 
excess of the amount required by the purine nucleosides found was 
liberated when the non-specific phosphatase was added. Because 
guanosine was produced at a faster rate than adenosine, it was sug- 
gested that guanylic acid occupies one of the outer positions in the tetra- 
nucleotide chain and that adenylic acid is either adjacent or at the 
other end of the chain. These conclusions, as well as those of Breder- 
eck and co-workers, are based on the assumption of a tetranucleotide 
structure for the original ribonucleic acid and will require reinterpreta- 
tion on the basis of the asymmetric polynucleotide structure discussed 
above as well as on new information which has been obtained as to the 
nature of ribonucleinase action (22). 

Nature of ribonucleinase (ribonuclease) action—Like many other 
phases of nucleic acid chemistry, the nature of ribonucleinase action 
has been a subject for controversy since the discovery of the enzyme 
by Jones in 1920 (23). Because four mononucleotides were isolated 
after enzymic hydrolysis, Jones & Perkins concluded that the action 































*The name “ribonucleinase” is used for the crystalline enzyme instead of 
ribonuclease as provisionally suggested by Kunitz (7) because, as mentioned below, 
mononucleotides are produced as a result of ribonuclease action on ribonucleic acid. 
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of the enzyme consisted in breaking nucleotide linkages only (24). 
Levene, however, was not successful in his attempts to repeat these 
experiments (25, p. 312) and in a publication with Schmidt (26) 
reached the conclusion that “The function of the enzyme is that of a 
depolymerizing agent limited to the dissociation of the tetranucleo- 
tides of high molecular weight into those of lower molecular weight.” 

The nature of the split products formed as a result of ribonuclein- 
ase action was investigated by Loring & Carpenter (22) using highly 
purified crystalline preparations of ribonucleinase. Application of the 
general fractionation procedure used for the preparation of mono- 
nucleotides to enzyme-treated yeast ribonucleic acid resulted in the 
isolation of the four mononucleotides, either in their free form or as 
well-characterized salts. Control experiments on ribonucleic acid, in 
the absence of enzyme treatment, showed that the fractionation pro- 
cedures alone did not lead to the formation of mononucleotides. The 
original finding of Jones & Perkins has thus been confirmed with the 
crystalline enzyme. In conformity with the nomenclature proposed 
by Levene & Medigreceanu (27), it was suggested that the crystalline 
enzyme, provisionally named ribonuclease by Kunitz (7), be called 
instead ribonucleinase. In view of the fact that the four mononucleo- 
tides are produced as a result of ribonucleinase action, it appears to 
the writer that the results of Bolomey & Allen can be interpreted 
equally well by differences in the rates at which the different nucleo- 
tides are hydrolyzed by the non-specific phosphatase. 

Studies on the nature of ribonucleinase action have led to a fur- 
ther important contribution to the chemistry of ribonucleic acid. Ku- 
nitz showed that whereas a portion of the treated nucleic acid was 
easily diffusible through cellophane, from 40 to 50 per cent was rela- 
tively non-diffusible. Similarly, only about 40 per cent of the original 
nucleic acid phosphorus was rendered soluble in uranium acetate- 
trichloroacetic acid solution after ribonucleinase treatment. This obser- 
vation has been confirmed and extended in the writer’s laboratory 
(28). It has been found that even in the presence of a large excess 
of enzyme or under conditions in which the easily diffusible products 
are removed, a relatively large proportion of the original nucleic acid 
is resistant to further enzyme action. It is evident, therefore, that 
yeast ribonucleic acid must contain at least two different types of 
linkages, one of which is labile and one of which is resistant to the 
action of ribonucleinase. Whether or not these results can be corre- 
lated with those of Gulland and co-workers (16), which show that 
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only from 35 to 75 per cent of the phosphorus of ribonucleic acid is 
liberated by the action of various mixtures of monoesterases and di- 
esterases, remains for further study. 


DESOXYRIBONUCLEIC ACIDS 


Physico-chemical studies——Further studies on the physico-chemi- 
cal properties of desoxyribonucleic acid have appeared from several 
laboratories. Pedersen, in a brief report (29), gives a value of about 
200,000 for the average molecular weight of desoxyribonucleic acid 
prepared by Hammarsten’s method. This value is somewhat lower 
than that found originally by Signer, Caspersson & Hammarsten, i.e., 
500,000 to 1,000,000 (30). The sedimentation rate was dependent on 
concentration and the frictional ratio, f/fo, was 2.5. As reported by 
other workers, this material was not monodisperse. Tennent & Vil- 
brandt (11) have examined the sedimentation and diffusion rates of 
five preparations of sodium thymonucleate and have calculated mo- 
lecular weights. They find the most highly polymerized products to 
have molecular weights of the order of 500,000 and the greatly de- 
graded samples about 5,000. 

In an attempt to characterize desoxyribonucleic acid more fully, 
Greenstein & Jenrette (31, 32) have studied the physical changes 
produced in the molecule by various types of treatment. Preparations 
were made by the Feulgen-Levene procedure (25, p. 295) and by that 
of Hammarsten (33). A comparison of the two showed that the 
streaming birefringence and viscosity of solutions of the latter were 
from three to five times as great as those of the former. Addition of 
salts to solutions of sodium desoxyribonucleate resulted in a decrease 
and finally in the complete disappearance of streaming birefringence. 
Considerable differences in the ability of different salts to effect this 
change were observed, with salts of guanidine being particularly effec- 
tive. Of striking interest was the observation that the phenomenon 
was completely reversible. When the salt was removed as by dialysis, 
the solutions of nucleic acid regained completely their property of 
showing streaming birefringence. Amino acids showed a similar effect 
to that of salts, and purified proteins such as crystalline egg albumin 
and horse serum albumin on a molar basis were many times as active 
as the same concentration of salts or amino acids. When extracts of 
tumor or normal tissue or milk or sera of various species were added 
to the solutions of sodium desoxyribonucleate, it was found that in 
addition to the immediate initial drop in viscosity and streaming bi- 
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refringence due to the presence of inert proteins, amino acids, and 
salts, there was a further decrease due to the presence of a depoly- 
merizing factor, which has been called thymonucleodepolymerase, 
Whereas the original nucleic acid solutions show the property of 
anomalous or structural viscosity, this was entirely lost after treat- 
ment with the depolymerase. It is suggested that the thymonucleate 
at the latter stage was completely or nearly completely depolymerized. 

In a later paper (34) the former author showed that the colloid 
osmotic pressure of solutions of desoxyribonucleic acid decreased to 
practically zero when serum or serum albumin was added to the solu- 
tion. The explanation was tentatively offered that the decrease in 
osmotic pressure as well as the decrease in streaming birefringence 
and viscosity under these conditions is due to a suppression of dis- 
sociation of the nucleate, probably accompanied by aggregation. 

Nucleoproteins of the cell——Of particullar interest has been the 
report by Mirsky & Pollister (35, 36) on the preparation of fibrous 
nucleoproteins from cell nuclei. It was shown by these authors that 
when minced tissue, that had been washed with physiological saline, 
was extracted with 1 M sodium chloride, a viscous solution was ob- 
tained. When the latter was added to six volumes of water, a fibrous 
mass of nucleoprotein separated which could be redissolved in 1 M 
sodium chloride and reprecipitated as before. Solutions of these nu- 
cleoproteins show a striking viscosity and birefringence of flow. 
Highly polymerized desoxyribonucleic acid was readily obtained by 
dialysis of the nucleoprotein solutions against 1 M sodium chloride, 
for under these conditions the protamine gradually diffused through 
the membrane leaving the nucleic acid behind. In this way fibrous 
nucleoproteins and in some cases desoxyribonucleic acid were ob- 
tained from mammalian liver, kidney, spleen, brain, pancreas, thymus; 
from frog, trout, shad, and sea urchin sperm; from the liver, spleen, 
and blood cells of the dog fish; and from wheat germ. 

A somewhat different method for the preparation of cell nucleo- 
proteins is that used by Mayer & Gulick (37). In this case the denser 
nuclear material was separated from other cell constituents by sedi- 
mentation in an inert liquid of intermediate specific gravity. Evidence 
was obtained for the presence of appreciable amounts of nucleic acid- 
free protein as well as nucleoprotein in their preparations. 

Relation to cell nuclei—Through the work of a number of differ- 
ent investigators, methods are now available for the preparation of 
cell nuclei on a relatively large scale [Crossmon (38), Stoneburg (39), 
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Marshak (40), Laskowski (41), Lazarow (42)]. Several workers 
have studied the enzyme systems of such preparations [Lardy & 
Phillips (43), Zittle & Zitin (44), Dounce (45)]. Dounce (45) has 
examined samples of rat liver nuclei for several different enzymes. 
Arginase, cytochrome oxidase, esterase, lactic acid dehydrogenase, al- 
kaline phosphatase, and acid phosphatase were found in fairly high 
concentrations. Catalase, succinic acid dehydrogenase, cytochrome-c, 
and coenzyme I were either absent or present in low concentration. 

Conflicting reports have been presented as to the relative amounts 
of desoxyribonucleic acid in malignant as compared to normal tissue. 
Vowles (46), by means of the diphenylamine reaction of Dische, 
found about the same concentration in samples of Jensen sarcoma as 
in liver, spleen, and kidney. A different result was reported in cancer 
produced in rat liver by the feeding of butter yellow (47). After from 
17 to 59 days, the thymonucleic acid content of the liver almost doubled 
and in the cancerous portion the concentration was even higher. A 
similar result was obtained with tumor cells by Koller (48), who be- 
lieves that the nucleic acid content of chromosomes rises to abnormally 
high values in such cases. Dounce (49), however, has analyzed 
samples of Walker carcinosarcoma and hepatoma and has found about 
the same concentration of desoxyribonucleic acid as was present in 
normal liver tissue. Nuclei of bird erythrocytes and fish spermato- 
zoa, however, contained a much higher desoxyribonucleic acid content. 
The differences as far as malignant tissue is concerned may no doubt 
be resolved when the same kind of tissue is examined under compar- 
able conditions as to age, rate of growth, etc. It is evident, however, 
that a general statement as to the relative nucleic acid concentration 
in malignant tissue cannot be made. 

A somewhat different observation obtained by ultraviolet spec- 
troscopy is that of Caspersson et al. (50) that rapidly growing malig- 
nant cells like normal ones contain ribose nucleotides as well as des- 
oxyribonucleic acid. 

Structure —In a paper on the constitution of thymonucleic acid, 
Bredereck et al. (51) have subjected the latter to methylation with 
dimethyl sulfate. Analyses of the once methylated product showed the 
presence of two methoxy and seven N-methyl groups for each four 
phosphorus atoms. After a second methylation treatment the number 
of methoxy groups increased to three. Hydrolysis of the methylated 
nucleic acid with methyl alcohol and hydrochloric acid gave 1,6-di- 
methyladenine, which was isolated as the picrate. Hydrolysis with 





304 LORING 


25 per cent sulfuric acid at 180° gave 1,6-dimethylcytosine and 1- 
methylthymine. Methylation and hydrolysis of guanosine, adenosine, 
and cytidine by similar procedures gave respectively dimethylguano- 
sine, dimethyladenine, and dimethylcytosine, which in the last two 
instances were identical with the products obtained from the methy- 
lated desoxyribonucleic acid. The fact that methylation in the original 
nucleic acid or in the ribonucleosides occurs at the 1- and 6- positions 
in both adenine and cytosine and at the 1- position in thymine is given 
as proof that these positions are unsubstituted and that the linkage 
between sugar and adenine must therefore be in the 9- position. Simi- 
larly, the linkage between sugar and cytosine and sugar and thymine 
must be in the 3- position. These experiments confirm similar con- 
clusions of other workers with respect to the pyrimidine nucleosides 
(52) and of Gulland and co-workers (53) for the purine nucleosides. 


ELECTROPHORESIS 


Electrophoretic studies on ribonucleic and desoxyribonucleic acids 
have been reported by several investigators (54 to 56a). In general, 
the results are in agreement that the various samples show a high 
mobility of the order of 15 to 23.5 10-° cm. per sec. per volt per cm. 
at pH values between 6 and 7.9 and are electrophoretically homo- 


geneous. There has been disagreement, however, as to whether the 
two types show the same or different mobilities. The results of Hall 
(54) on thymonucleic acid of the Hammarsten type are in essential 
agreement with those of Stenhagen & Teorell (55) if allowances are 
made for differences in the ionic strengths of the buffer solutions used. 
In contrast to the more recent titration data on ribo- and desoxyribo- 
nucleic acid which indicate four and five acidic groups respectively per 
unit weight of about 1,300, the electrophoretic results of Zittle & Sie- 
bert (56) show the same net charge for the two types as they occur 
in certain preparations from hemolytic streptococci. Cohen, however, 
has compared the mobilities of Hammarsten desoxyribonucleic and 
of ribonucleic acids and finds the former to migrate with a mobility 
about 21 per cent greater than that of the latter (56a). After treat- 
ment of the latter with ribonucleinase, the mobility was increased 
about 21 per cent as would be expected because of the presence of the 
more acidic mononucleotides (two acidic groups per mol) as dis- 
cussed above. 

In a paper on the electrophoretic behavior of mixtures of egg albu- 
min and nucleic acid on either side of and at the isoelectric point of 
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the protein, Longsworth & MacInnis show that the components mi- 
grate independently on the alkaline side (57). On the acid side and 
at the isoelectric point, however, the electrophoretic data reveal the 
presence of a dissociable complex. Similarly, Zittle & Siebert (56) 
have shown that the nucleic acid present in preparations of the type 
specific M-protein behaves as a separate component electrophoreti- 
cally. 





NUCLEOTIDES AND NUCLEOSIDES 


Uridylic acid and guanosine.—The synthesis of uridylic acid by the 
condensation of trityl uridine with diphenylphosphoryl chloride at 
—18° in pyridine solution and hydrolysis of the product with sodium 
hydroxide was reported by Bredereck & Berger (58). In the same 
paper, several new derivatives of guanosine were also described, 
namely 3,5-benzylideneguanosine, acetylbenzylideneguanosine, acetyl- 
guanosine, acetyltritylguanosine, and tritylguanosine. 

Adenylic acid.—Buell has developed a new method for the prepa- 
ration of either crystalline adenosine-3-phosphate or adenosine-5- 
phosphate which appears advantageous for the recovery of these com- 
pounds in pure form (59). The nucleotide is precipitated from its 
solutions as an insoluble aluminum picrate complex. Yields of 1.19 
gm. of crystalline adenosine-3-phosphate from 20 gm. of yeast nucleic 
acid and of 800 mg. of adenosine-5-phosphate from eleven pounds of 
heart muscle were reported. 

Another method of interest for the preparation of adenosine-5- 
phosphate is that of Kerr (60) in which adenosinetriphosphate was 
split by alkaline hydrolysis. A yield of about 72 per cent of the theo- 
retical was reported. An improved method for the preparation of the 
triphosphate from muscle (61) and its isolation from brain (62) were 
also reported. 

Adenosine-3-phosphate has been synthesized by Barker & Gulland 
(63) from adenosine and phosphorus oxychloride. The identity of the 
synthetic product was established by determination of its optical ac- 
tivity and by its resistance to dephosphorylation with Russel’s viper 
venom, which had formerly been shown to contain only a 5-nucleo- 
tidase, an enzyme which specifically dephosphorylates adenosine-5- 
phosphate (64). 

Preparation of nucleosides—Another paper has appeared from 
Bredereck’s laboratory on the preparation of adenosine, guanosine, 
cytidine, and uridine after hydrolysis of yeast ribonucleic acid either 
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by a sweet almond enzyme extract or by boiling aqueous pyridine 
(65). Yields from 100 gm. of nucleic acid by either of the two pro- 
cedures were reported as follows: guanosine, 20 to 25 gm.; adeno- 
sine, 10 to 14 gm. ; cytidine sulfate, 8 to 10 gm. ; and uridine, 2 to 3 gm. 

The precipitation of nucleotides, nucleosides, purines, or pyrimi- 
dines by various metallic salts has been examined by Inagaki (66). 
Of those studied, mercuric nitrate was found most satisfactory for 
the precipitation of all nitrogen-containing substances of these types. 

A highly active preparation of intestinal nucleotidase which de- 
phosphorylates about 300 times its weight of ribonucleotides in twelve 
hours was described by Lehmann-Echternacht (67). The product was 
inactive as a polynucleotidase and as a nucleosidase but showed both 
3-phospho, 5-phospho, and pyrophosphatase activity. Schmidt & 
Thannhauser (68) found that intestinal phosphatase, unlike ribonu- 
cleinase of the pancreas, was destroyed when the extract at pH 5 was 
heated to 80° for fifteen minutes. Thymonucleic acid was not hydro- 
lyzed by the enzyme. 

Desoxyribo-nucleotides and nucleosides.—A series of papers deal- 
ing with various enzyme preparations which hydrolyze desoxyribo- 
nucleic acid and its nucleotides has been published by Lehmann-Ech- 
ternacht (69) and Fischer et al. (70). Three types of enzyme prepara- 
tions were described: (a) a polynucleotidase which hydrolyzes the 
nucleic acid to a product which is regarded as a tetranucleotide and is 
called oligonucleotide, (b) a desriboligonucleotide which converts 
oligonucleotide to nucleotides, and (c) a nucleotidase which liberates 
phosphate. The oligonucleotide, unlike the original nucleic acid, was 
no longer precipitated by hydrochloric acid. It formed salts with 
copper, silver, cadmium, mercury, lead, and bismuth that were more 
soluble than the corresponding ones of the original nucleic acid. In 
the hydrolysis of the oligonucleotide it was found that thymine- and 
adenine-desoxyribosides were first liberated. It is therefore suggested 
that these nucleotides occupy the external positions in the tetranucleo- 
tide chain. It appears to the writer that conclusions regarding the 
structure of desoxyribonucleic acid based on results obtained with 
impure enzyme preparations are highly inconclusive. 

Bredereck et al. have also proposed (71) that the product formerly 
described as thymonucleic acid (20) probably has a tetranucleotide 
structure. Values for the molecular weight between 1,196 and 1,274 
were found as compared to the theoretical of 1,309. 

A modification of the method of Klein & Thannhauser (72) for 
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the preparation of adenine-desoxyriboside has been published by 
Brady (73). The crystalline product melted at 187—188° instead of 
at 181° as previously reported. The author suggests that the new 
preparation which agreed in solubility, crystalline form, and specific 
rotation with that of Klein probably represents a purer sample. The 
preparation of thymine-desoxyriboside with the same properties as 
reported by Klein was also confirmed. 







METABOLISM 


During the past three years the problem of the metabolism of 
purines and pyrimidines has been attacked with radioactive phospho- 
rus and with isotopic nitrogen. The slow but appreciable turnover of 
nucleic acid phosphorus in rabbit tissues after administration of iso- 
topic phosphorus and the rapid turnover in other organic phosphorus 
fractions found by Hahn & Hevesy (74) have been confirmed by 
Brues et al. (75). Injection of radioactive phosphorus, P**, as neutral 
phosphate into rats and subsequent examination of various liver frac- 
tions showed that the turnover of phosphorus in the nucleic acid por- 
tion was less than that in the phospholipid, “total protein,” or “residual 
protein” fractions. In regenerating liver there was an increased P** 
uptake in the nucleic acid fraction, which could be accounted for by 
the synthesis of nucleic acid in the formation of new cells. The dis- 
crepancy between these observations and those of Marshak on iso- 
lated nuclei (40), those of Tuttle et al. (76) on leukemic infiltrated 
mouse tissue, and those of Kohman & Rusch with liver carcinoma 
(77) are explained in the paper by Brues et al. by the rapid turnover 
of phosphorus in the “total protein” or ‘‘nucleoprotein” fraction. In 
the previous experiments, the latter had not been distinguished from 
the nucleic acid fraction. 

In extensive experiments, Barnes & Schoenheimer (78, 79) have 
studied the distribution of the nitrogen isotope, N*°, in the excreta and 
in the internal organs of pigeons and rats that were fed N** ammonia 
or N° urea. The results with pigeons showed that ammonia nitrogen 
was rapidly incorporated into the uric acid excreted and to a lesser 
extent into the mixed purines of the internal organs. Isolation of 
guanine, adenine, cytosine, and thymine from the nucleic acid fraction 
showed about the same concentration of N'® in each of these con- 
stituents. After the feeding of N* urea to pigeons, however, only small 
amounts of the isotope were found in either the mixed purines or the 
uric acid excreted. Examination of isotope concentration in the xan- 
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thine and hypoxanthine obtained from guanine and adenine respec- 
tively showed that N‘* was present in both cases in the purine rings 
as well as in the amino groups. Similarly, about the same concentra- 
tion of N° was found in thymine, which contains no amino group, 
as in cytosine which does. In contrast to the adenine present in nucleic 
acid, however, only about one fourth to one third as much isotope 
nitrogen was found in the adenylic acid isolated from pigeon breast 
muscle. 

When isotopic ammonia was fed to rats, similar results were ob- 
tained in that N'* was found in the purines and pyrimidines obtained 
from the nucleic acid fraction and in the nitrogen present in the ring as 
well as in substituent amino groups. In agreement with the concept 
that allantoin is the end-product of purine metabolism in the rat, about 
the same isotope concentration was found in the allantoin excreted 
as in the purines. 

The experiments in pigeons have therefore confirmed others which 
showed that uric acid in birds is formed either from ammonia or from 
amino acids (80). They also show that urea, arginine, and histidine 
are not normal intermediates in purine or pyrimidine synthesis in 
either pigeons or rats. The evidence also indicates that the purines 
and pyrimidines of nucleic acids, like the amino acids in proteins, exist 
in a state of “dynamic equilibrium” with a generally available nitrogen 
“pool” and that nitrogen replacement takes place continuously in the 
purine and pyrimidine rings as well as in the substituent amino groups. 
The results with muscle adenylic acid suggest that the adenine present 
in this compound must follow a somewhat different metabolic pathway 
than that of nucleic acid. 

In dogs, unlike rats, histidine appears to function as an inter- 
mediate in allantoin synthesis. For as Popiel has shown (81), the 
injection of this amino acid into the portal vein leads to a large in- 
crease in the allantoin content of the liver. 

The following are a few miscellaneous observations which also 
have some bearing on purine and pyrimidine metabolisms. Vilter and 
co-workers (82) have shown that the administration of adenylic acid 
to patients with a nutritional deficiency disease resulted in definite 
clinical improvement. Intravenous injection in doses of 50 mg. led to 
the disappearance of ulcers in the mouth and to rapid improvement 
in pellagrous glossitis or subclinical pellagra. Some individuals failed 
to respond to treatment with brewers’ yeast or thiamin hydrochloride 
but were helped when yeast adenylic acid was administered. 
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A further relationship between thiamin and adenylic acid is sug- 
gested by the work of Kihnau & Schiering (83), who found that the 
blood of patients with gout contained more nucleotides than that of 
normal individuals. The symptoms in this case were alleviated by 
treatment with thiamin hydrochloride. 

Barrenscheen & Peham (84) have examined various tissues, in- 
cluding pancreas, kidney, brain, spleen, and thymus, for their purine 
nucleotide, nucleoside, and free purine content. An insignificant 
amount of free purine was found in fresh muscle. The purine content 
of the various tissues, as nucleic acid, was essentially less than the 
total purine content, varying from 10 per cent in striped muscle to 
about 25 per cent in kidney, brain, liver, spleen, and pancreas. The 
latter observation shows that by far the greater proportion of the total 
purine is present as nucleotide or nucleoside. 


PURINE AND PYRIMIDINE COMPOUNDS AS GROWTH FAacToRS 


Since the observation of Richardson in 1936 (85) that uracil was 
necessary for the growth of Staphylococcus aureus under certain con- 
ditions, many reports have appeared dealing with the requirements of 
a number of microorganisms for one or another of the various hydro- 
lytic products of nucleic acid. Moller showed that adenine was re- 
quired for the growth of Streptobacterium plantarum (86). Pappen- 
heimer & Hottle found that adenine or hypoxanthine, guanine, xan- 
thine, guanylic acid, or adenylic acid was required for the growth of 
a strain of Group A hemolytic streptococci (87). Snell & Mitchell 
have examined the growth requirements of Lactobacillus arabinosus, 
Lactobacillus pentosus, Leuconostoc mesenteroides, and Streptococcus 
lactis R. (88). They found that under certain conditions each of the 
purine or pyrimidine bases of nucleic acid could become the limiting 
factor for growth. Adenine greatly stimulated the growth of L. arabi- 
nosus and L. pentosus and was essential for the growth of S. lactis, 
as was also thymine. Uracil was helpful for the growth of L. arabino- 
sus and L. mesenteroides, but guanine was essential in the latter in- 
stance. Similarly, although the compound obtained from solubilized 
liver by Stokstad (89) was more active in providing for growth of 
Lactobacillus casei, it could be replaced by guanine, adenine, hypo- 
xanthine, xanthine, and thymine but not by uracil or cytosine. 

More recently, Feeney & Strong (90) have shown that the yeast 
extract which has been required for the growth of Lactobacillus casei 
may be replaced by a mixture of known compounds including adenine 
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and guanine. A somewhat different result is that of Pennington who 
has studied the growth requirements of Spirillum serpens (91). Gua- 
nine and adenine when tested singly had no activity but hypoxanthine 
provided satisfactory growth. Uric acid, xanthine, uracil, adenosine, 
or yeast adenylic acid showed no activity. Robbins & Kavanagh have 
reported that the growth factor for Phycomyces, factor Z,, can be re- 
placed by guanine (92) and by hypoxanthine (93). The latter com- 
pound was isolated as the silver salt from extracts of potato tubers in 
amounts which accounted for the factor Z, activity of the extracts. 
Various related substances including isoguanine, xanthine, adenine, 
2-aminouric acid, theobromine, theophyllin, and guanosine were in- 
active. 

In several instances mentioned above, purine nucleosides or nucleo- 
tides were found as effective as the free purine itself. In no case in 
which pyrimidines were found effective was the activity of either the 
corresponding pyrimidine nucleoside or nucleotide determined. Such 
studies have recently been made by Loring & Pierce (94) on two ex- 
perimentally produced, pyrimidine-deficient Neurospora mutants. 
Whereas good growth was obtained in the presence of uracil, the cor- 
responding ribonucleoside and ribonucleotide, uridine and uridylic 
acid, were from ten to sixty times as active as the free pyrimidine. 
Even more striking results were obtained in the case of cytosine for 
here the free pyrimidine was completely ineffective for growth whereas 
cytidine and cytidylic acid were highly active. It seems possible that a 
similar situation may be found in the cases mentioned above in which 
free pyrimidines have been shown to have activity as growth factors. 
These experiments on the availability of the pyrimidine nucleotides 
and nucleosides for the growth of microorganisms take on added sig- 
nificance when it is recalled that Mendel & Myers (95) and Emerson 
& Cerecedo (96) found uracil and cytosine to be excreted largely as 
the free pyrimidines when they were fed to dogs; nucleic acid (95) or 
the pyrimidine nucleotides or nucleosides (96), on the contrary, were 
readily metabolized. It should be pointed out as well that no definite 
evidence has been presented for the occurrence of a pyrimidine ribo- 
nucleosidase. 

Whereas the exact function of purines and pyrimidines as growth 
factors of microorganisms is not known, it has been shown by Mcll- 
wain (97) in the case of Bact. coli and Streptococcus hemolyticus that 
the metabolic processes blocked by acriflavin (a mixture of 2,7-di- 
aminoacridine, proflavine, and euflavine) are reconstituted if nucleic 
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acid or nucleotides are supplied. It appears therefore that the bac- 
teriostatic action of acriflavin is concerned with nucleic acid metabo- 
lism. These results are highly significant in providing another example 
of an agent which acts to prevent antibacterial action. 
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MINERAL METABOLISM 
By R. A. McCance ano E. M. Wippowson 


Department of Medicine, Cambridge University, England 


The classification of physiology and biochemistry into compart- 
ments is becoming more and more unreal and artificial. Every aspect 
of mineral metabolism, for instance, demands an appreciation of the 
niceties of organic change, for the life of the cell depends upon the 
intimate association of its organic and inorganic elements. Mineral 
metabolism, however, has acquired a conventional meaning, and the 
annual review of it has come to imply a discussion of investigations in 
which some mineral element has played a more or less prominent part. 
Lately, the war has limited the scope of such reviews, for journals 
published in enemy and occupied countries are not coming to hand, 
and many of the reports in Britain and the United States are not being 
released for publication. Within the sense of these conventions and 


. limitations, however, we have endeavoured to present a reasonably 


balanced picture of the expansion of our knowledge of the mineral 
exchanges of the body within the last twelve to eighteen months. 

Our knowledge of the laws which govern the absorption and ex- 
cretion of minerals has expanded considerably during recent years, 
and some general principles have now become firmly established. One 
is that minerals are much more readily absorbed if they are in solu- 
tion, and consequently any ion which precipitates another in the 
stomach or intestine will, ipso facto, prevent its absorption. Soluble 
aluminum salts, for example, will inevitably react with phosphates 
and precipitate them irreversibly in the gut (1, 2). Competition for 
an insoluble anion, moreover, can be invoked to explain the effects of 
administering one metal, e.g., iron, upon the absorption of another, 
eg., calcium (3). The converse of this also appears to be true, and 
agents which improve the solubility of a radicle in the intestine also 
improve its absorption (4). This all sounds so obvious when it is 
enunciated that it is essential to think oneself back into the state of 
knowledge existing only a few years ago to appreciate the work under- 
taken to establish it. The whole story has not yet been told, for bio- 
logical systems are so complex that in special circumstances general 
principles may appear to be over-weighted by local conditions. Work 
along these lines is still being industriously carried out (5, 6). 
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CALCIUM AND MAGNESIUM 


The absorption of calcium continues to occupy a great deal of at- 
tention. This is very appropriate, for the world is facing a shortage 
of milk, and the quantity and availability of the calcium in all other 
foods has assumed greater importance. It has been shown, for ex- 
ample (7), that up to 200 mg. of calcium a day may be obtained from 
drinking water in districts where the water is hard. This is as much 
as there was in the adult milk ration in Britain during the winter 
months of 1942 and 1943. Between one hundred and two hundred 
Indian vegetables and fish have been analysed for calcium and phos- 
phorus during the past year (8, 9, 10). It seems to be agreed that 
rats can utilise the calcium of vegetables (so long as they do not con- 
tain oxalic acid) between 70 and 90 per cent as efficiently as the 
calcium in dried skimmed milk (11, 12). Some work on humans has 
been carried out (13 to 16). So far as they go, the experiments of Basu 
etal. (13, 14, 15) indicate that the ingestion of the bones of small fish, 
and of lime chewed with betel nuts, has a beneficial effect on calcium 
absorption. Breiter et al. (16) concluded that the calcium in carrots 
was about half as well utilised by adults as the calcium in milk. 

The necessity for making the available wheat feed as many mouths 
as possible has prompted a number of investigations. McCance & 
Widdowson (17) carried out prolonged studies with humans to in- 
vestigate the absorption of calcium from diets containing large 
amounts of flour of 92 per cent extraction. Both calcium and mag- 
nesium were absorbed less freely from these diets than they were 
from similar ones containing white flour. Flour of 85 per cent ex- 
traction has also been shown to have an inhibitory action upon the ab- 
sorption of calcium (18). Considerable decalcification of the bones of 
the general population has recently been reported from South Africa 
(19), and attributed to the increased consumption of long extraction 
flours. An increase in the stigmata of calcium deficiency was pre- 
dicted if countries should be forced to adopt a whole wheat flour (17) 
and Jessop and others (19a) have now shown that such an increase 
has in fact taken place in Eire. By adding sodium phytate to white 
flour, and by removing phytic acid enzymatically from brown flour, it 
has been shown (17, 20) that the deleterious effect of brown bread on 
the absorption of calcium and magnesium in man is entirely due to 
phytic acid. The insolubility of the calcium salt of this complex acid 
radicle enables it to immobilize calcium in the intestine from the rest 
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of the diet and so prevent its absorption. Similar results have sub- 
sequently been obtained by Wang et al. (21). The effect could be 
completely overcome by adding calcium carbonate to the flour, and 
this is now a national practice in Britain. In recent months a prelimi- 
nary note has appeared (22) stating that the phytic acid in oatmeal 
is less deleterious than that in wheat. This is very surprising, espe- 
cially in the light of the well-known rachitogenic effects of oatmeal (23), 
and it would be well to reserve judgment until the full text of the 
experiments has appeared. 

Working entirely with normal human adults, McCance & Wid- 
dowson (24) have shown that, whether the subjects were or were not 
“in balance,” a rise or fall in the absorption of calcium or magnesium 
was always accompanied by a change in the same direction in the 
amounts of these metals excreted in the urine. Apart from its general 
significance, this observation should be of technical value to those in- 
terested in absorption, for the demarcation of faeces, and consequently 
the measurement of absorption, is notoriously difficult. 

Kosman & Freeman (25), using a chronic colon fistula in dogs, 
obtained some evidence that calcium was actively excreted by this 
part of the intestine when it was irritated with mustard oil. If this 
is true, it must be due to the irritation set up by the mustard oil, for 
Nicolaysen (26) had previously shown that normal dogs excrete 
negligible amounts of calcium into the large intestine. 

Following up an observation that certain amino acids increased the 
solubility of calcium and magnesium salts (27, 28), McCance, Wid- 
dowson & Lehmann (4) have shown that the proteins in the diet 
facilitate the absorption of both these metallic ions. This fact offers 
an explanation of a number of earlier observations and is probably 
the clue to some of the more recent results of Boyle & Wesson (29). 
These authors found that vitamin D improved the retention of calcium 
by rats on a high carbohydrate diet, but not by animals on a high 
protein diet. The fact that vitamin D improved the structure of the 
bones and teeth of all the animals is evidence that it must have an 
action on the bones as well as on the intestinal epithelium. According 
to Sobel et al. (30), vitamin D influences the total amount of calcium 
deposited in the bones, but the relative proportion of carbonate and 
phosphate in them depends upon the dietary Ca/P ratio. Incidentally, 
Patwardhan & Chitre (31) have recently disputed that the absorption 
of calcium is improved by vitamin D, but the evidence in favour of 
this action of the vitamin would appear to be overwhelming. 
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A paper which may help to clear up some confusion and to stand- 
ardise technique (32) has shown that when rats of either sex are 
short of vitamin D, the femur, with its relatively large metaphysis, is 
calcified more poorly than the humerus, but when the deficiency is 
one of calcium or phosphorus, but not vitamin D, both bones are 
equally calcified. 

Enormous doses of vitamin D continue to be given both to dogs 
and humans (33, 34), but the main fact which is emphasised by such 
work is the tolerance of adult animals to this form of abuse. Quite 
small doses appear to be sufficient to produce hypercalcaemia in rats 
if the diets contain large amounts of calcium (35). On the other 
hand, Ritchie (36), as part of a large analytical investigation of human 
milk, showed that administering calcium did not raise the concentra- 
tion of this element in the milk unless vitamin D was given concur- 
rently. The milk of mothers whose infants had rickets contained 
normal quantities of calcium and phosphorus. 

Bunkfeldt & Steenbock (37) have taken up once more the question 
of the antirachitic effects of vitamin D-free fats, and they have found 
that these fats may be harmful or beneficial according to the Ca/P 
ratio in the diet. They obtained worse and worse calcification as the 
Ca/P ratio was raised above 1, and beneficial effects with lower ratios. 
Their results are not quite in line with those of Booth et al. (38), 
but Bunkfeldt & Steenbock do not consider there is any essential 
contradiction. There is something rather interesting in these effects. 
One would like to explain the decreased calcification at high Ca/P 
ratios as being due to the fatty acids precipitating calcium in the gut, 
but the improved absorption is more difficult to explain. Calcium 
may, however, form soluble complexes with fatty acids, just as it has 
recently been shown to do with amino acids (27, 28). With these 
results must be considered those of Jones (39) and of French (40, 
41). The former found that fats improved the absorption of calcium, 
but the latter that calcium absorption deteriorated as the amount of 
fat in the rats’ diets was stepped up. 

Nicolaysen (42) has published some work which confirms the sug- 
gestion (43) that the amount of calcium absorbed by young rats de- 
pends upon the degree to which the tissues were previously saturated 
with the element. This effect was not observed in adult rats, even 
when they were pregnant, and was only detected in young animals 
when they were given vitamin D. As one might have expected, such 
animals utilised calcium lactate better than the stearate, although 
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animals saturated with calcium did not appear to do so (44). 
Furthermore, the same author has found (45) that in the absence of 
vitamin D the citric acid content of bone falls to a low level. In his 
opinion these changes in citric acid content do not depend upon calci- 
fication, so they must be due to the influence of vitamin D upon the 
metabolism of the bone stroma. 

Seasonal changes in calcium absorption have been detected in some 
individuals (46). In these people, absorption was always better in 
July than in February. Magnesium was absorbed equally well all the 
year round. So far so good, but 2000 I.U. of vitamin D per day (as 
calciferol ) did not make the winter absorptions any better, and the 
authors were forced to conclude that these changes must have been 
due to some variation in these persons’ resistance to the vitamin D 
already inside them. Seasonal changes in calcium metabolism are of 
course well known in birds, and have recently been studied once 
again (47). 

Braude et al. (48, 49) have discovered a new rachitogenic agent 
in yeast. They were studying the ability of yeast to supply the whole 
of the pig’s requirements for dietary protein, and in doing so they 
included diets containing up to 20 per cent of dried yeast. Animals 
on such diets invariably developed a low-calcium form of rickets. 
They were partially protected by calcium carbonate, and completely 
by cod liver oil. The authors are satisfied that the effects were not 
due to a surfeit of phosphorus in the diet, but the nature of the agent 
which prevented the absorption of calcium is still quite obscure. It 
can hardly be the yeast protein. Bovine rickets is a very rare disease 
in England, but some cases have been recorded in shorthorn heifers, 
pail-fed on a proprietary food of unknown composition (50). 

In view of the many factors which are now known to influence 
calcium absorption,-the approach to the problem of calcium require- 
ments by means of balance experiments becomes more and more 
unsatisfactory. If the intakes of phytic and oxalic acids, and of pro- 
tein and fat, for example, are not defined, the determination of the 
calcium requirement has little scientific meaning and, if they are 
defined, the data have little practical importance, for the diet becomes 
such an artificial one. When, moreover, one considers the enormous 
differences which may exist between the ability of any two people to 
absorb calcium (17, 20), the true magnitude of the problem begins to 
appear. Nevertheless, the subject is one which continues to occupy 
the attention of a special group of investigators, and the calcium bal- 
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ances of premature infants (51) and of young college women (52) 
have received attention within the period under review. Aspects of 
calcium requirements have been reviewed by Robertson (53) and by 
Duckworth & Warnock (54). The latter authors have also considered 
the question of magnesium requirements, and they concluded that a 
great many people in the British Isles were getting less magnesium 
than they needed before the war. This seems to be going a little too 
far but, be that as it may, children’s diets in Madrid in 1941 were 
undoubtedly grossly deficient in calcium (55), and the same is true 
of many parts of India (56). 

The influence of the well-being and cellular activity of the whole 
animal on the amount of calcium absorbed is emphasised by some 
work of Krishnan (57), who found that intraperitoneal injections of 
two to five units of antuitrin growth hormone (Parke Davis & Co.) 
into rats and guinea-pigs increased their absorption and retention of 
calcium as measured by balance experiments. It is, however, difficult 
to evaluate this work, for the growth and weight changes induced by 
the hormone are not given. The influence of estrogens and androgens 
on the skeletal system has been reviewed (58). 

The relation between calcium metabolism and vitamins other than 
D has received some attention. The bony changes induced by vita- 
min A deficiency have been further explored in young dogs (59). It 
is evident that this vitamin exercises an important controlling influ- 
ence upon the growing bone of this species. In its absence the growth 
of the bones of the skull becomes exaggerated and incoordinated. The 
foramina for the cranial nerves are always involved and, in conse- 
quence, the nerves become stretched, twisted, and compressed. In 
this process the sensory suffer more than the motor nerves. In spite 
of this bony distortion, calcification may be quite normal if enough 
calcium, phosphorus, and vitamin D are supplied. Vitamin C also 
seems to be involved in calcium metabolism (60 to 64). Reid (65) 
has reviewed the work on this subject. Bourne (61), working par- 
ticularly on the formation of new bone, uses the term “positive” 
balance to describe what is to most people a “negative” balance, and 
this makes part of his article a little confusing. 

Calcium deficiency has been shown to produce small multiple 
lesions in the antrum of the rat’s stomach (66), and its effect on preg- 
nancy and lactation in the rat has been studied (67) without any very 
unexpected findings. Deakins & Looby (68) did not find that preg- 
nancy led to a decalcification of human dentine, but their subjects were 
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not living under very stringent conditions ; had they been so positive 
results might have been obtained, and lactation might have been a 
more searching test. It can be shown to be so in the rat (67). In 
adult rats prolonged calcium deprivation makes the molar teeth friable 
and loose, but not decalcified, and the incisor teeth remain normal. 
The alveolar bone becomes decalcified (69). 

A paper has appeared on the calcification of the human placenta 
(70) and two on the qualitative composition of urinary calculi (71, 
72). Inclan (73) has described three cases of calcinosis, and has re- 
ported finding large aggregations of calcareous material and fluid in 
cyst-like cavities. Such cases have been reported before (74), and 
Inclan’s statement that the fluid contained calcium carbonate in sus- 
pension must surely be a mistake: calcium phosphate is much more 
probable (75, 76). The author seems to have missed a chance of ex- 
tending observations which were made many years ago in England 
(76). More recent studies by Watchorn & McCance (unpublished) 
on a case which was of a similar type, but less satisfactory for pur- 
poses of investigation, have tended to confirm their original findings. 
Liu & Chu (3) have studied the calcium metabolism of five patients 
with renal rickets, and Follis & Jackson (77) the osseous rarefaction 
secondary to nephritis in adults. Two more cases of the fibrous dys- 
plasia of bone associated with endocrine and cutaneous changes 
(Albright’s disease) have been fully described (78). Its etiology is 
still very obscure, but some fresh manifestations have been brought 
to light. There must be a wealth of biochemistry behind the wide- 
spread changes which characterise this disease. Sanguinetti (79) has 
given a review of some of the clinical and nutritional aspects of 
mineral metabolism, and he has devoted a special section to osteo- 
porosis. 

The ultrafilterable magnesium in human serum has been studied 
by Dine & Lavietes (80) and also by Cope & Wolff (81). The former 
pair have claimed to confirm earlier work that in the hyperthyroid 
state an excessive amount of magnesium is bound, and that in myx- 
oedema practically all the magnesium is ultrafilterable. The latter pair 
are in complete disagreement, and at present there are no signs of a 
reconciliation. 

Magnesium appears to be able to displace calcium from myosin, 
and by so doing to inhibit the enzymatic breakdown of adenosine tri- 
phosphate (82). This has a practical value for those wishing to pre- 
pare adenosinetriphosphate, and a theoretical one for those interested 
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in muscular metabolism or magnesium anaesthesia (83). This work 
may explain why 5 to 10 cc. of magnesium sulphate given intra- 
venously have been found to be of therapeutic value in paroxysmal 
tachycardia (84). 

* The variations in serum magnesium in health and disease have 
been reviewed by Haury (85). A rather unusual piece of analysis 
has been carried out by Williamson & Gulick (86). They separated 
the nuclei from the cells of the thymus gland by mechanical and physi- 
cal methods and analysed them for calcium and magnesium. The 
dried nuclei contained about 1.35 per cent of calcium and 0.09 per 
cent of magnesium. 


IRON 


The absorption of iron, like that of calcium, is liable to be inter- 
fered with by the precipitation of the metal in the intestine. In this 
respect the phosphates and phytates are of practical importance. 
Moore et al. (87) had previously shown that, in contrast to the 
effects of soluble salts, large doses of phosphates of iron did not 
raise the level of iron in the serum. It has recently been demon- 
strated by means of human balance experiments (88) and serum 
iron curves (89) that phytic acid will depress the absorption of iron. 
Rats have also been studied in this connection (90, 91), but it is 
frequently forgotten that the results are not applicable to man, for 
the rat secretes a phytase into the intestinal tract. Phytase, however, 
does not seem to be able to break down phytates when these are 
present in an insoluble form (92), and this probably explains why 
ferric phytate is not so well utilised by rats as other iron salts. 
Nakamura & Mitchell (91) found that the pyrophosphate of iron 
was as well utilised as the chloride, but Street (93) has been unable 
to confirm this. Freeman & Ivy (94) observed that antacids such 
as calcium carbonate and aluminium hydroxide reduced iron re- 
tention in anaemic rats, but that aluminium phosphate did not and 
magnesium trisilicate only did so to a very slight extent. One would 
expect a reduction in the acidity of the stomach to lead to the pre- 
cipitation of ferric hydroxide and other iron compounds, but it is 
difficult to see why the various antacids should have such different 
effects. 

It now seems generally agreed that the body has no physiological 
method of regulating the excretion of iron, and that, in point of fact, 
very little ever is excreted (95). During the past year the evidence 
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has been strengthened by a study of iron balances in rabbits after 
subcutaneous administration of iron triethanolamine chelidamate (96), 
by following the alimentary exchanges of a patient who was being 
given large and frequent transfusions (97), and by analysing the 
livers and spleens of persons who had had secondary anaemia. Not 
only were these patients not short of iron, but there was actually a 
large accumulation of the metal in their storage organs (98, 99). 
The amount in the body must, therefore, be regulated by the amount 
absorbed, and Hahn et al. (100) have published an account of an 
interesting, although still very incomplete, attempt to solve this 
problem by means of radio-active iron. They have found that the 
amount of iron absorbed by dogs depends upon the degree to which 
the mucosa has previously been saturated with the metal. Others 
(42, 43), it will be recalled, have made a similar suggestion about 
calcium. Saturation by iron is rapid, and a large dose given a few 
hours in advance may block the absorption of a second dose con- 
taining the radio element. The removal of blood does not at once 
“desaturate” the mucosa, but this follows gradually as the iron stores 
are depleted to make good the loss of blood. Hahn et al. found 
that iron was rapidly absorbed from a pouch of the stomach, which 
is rather a novel conception of the function of this organ, and they 
followed the changes in the serum iron induced by administering 
the metal in this way. They detected that the peak of the serum 
iron curve might be reached and passed before the iron was removed 
from the pouch, and they hailed this as further proof that “saturation” 
of the mucosa will prevent further absorption. This evidence does 
not seem wholly satisfactory for, after all, the peak of a blood sugar 
curve is reached long before the glucose is all absorbed from 
the gut. Storage of iron may not be an altogether passive process, 
and it must have some part to play in the regulation of serum 
iron. 

The “balance” technique still continues to be used for the study of 
iron requirements (52, 101), but, since iron does not seem to be 
excreted once it has been absorbed, it is hard to see what conclusions 
can be drawn from such experiments. Johnston & Roberts (102) 
have appreciated the difficulty, and have abandoned this method alto- 
gether, which seems the only logical thing to do. They used the 
haemoglobin levels as their index of the subjects’ iron sufficiency, 
but there are fallacies about this method also, and at its best it is 
an indirect one. It is, however, convenient for large scale investiga- 
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tions (103). The value of food tables for calculating iron intakes has 
been studied (7, 104). It has been shown (7) that the figures so ob- 
tained must often be lower than the actual intakes because of con- 
tamination from cooking utensils. 

Fowler & Barer (105, 106) obtained some rather unexpected 
results when they followed the rate of haemoglobin regeneration in 
blood donors who were being treated with iron. They found, in 
confirmation of previous workers, that when blood was first with- 
drawn the administration of iron shortened the period required for 
complete regeneration, but they also found that this beneficial effect 
was not so obvious after the second removal of blood, and negligible 
after later ones. The puzzling feature of these observations is that 
the donors who were treated must have been absorbing far more iron 
than the controls, and many times more iron than they can have 
required for the haemoglobin synthesis. Their stores of iron were 
full and their serum irons were high. Why had the metal lost its 
charm? The serum iron in pernicious anaemia has again been shown 
to be high and to fall with treatment, sometimes to very low levels 
(107). The hypochromic anaemias, so often associated clinically with 
vitamin B, and B, deficiencies, have been found to respond to iron, 
and not to respond any better when yeast had been given at the 
same time (108). Unlike some other animals, man does not seem to 
carry a reserve of red cells in his spleen (109). 

Two authentic cases of familial idiopathic methaemoglobinaemia 
have been recorded in Ireland (110), and it has been discovered that 
the abnormality may be “cured” by the continuous administration of 
ascorbic acid. Further investigation of these cases may throw light 
upon the metabolism and the oxidation-reduction mechanisms in the 
normal red blood cell. Haemin has been added to the list of sub- 
stances which augment the action of the gonadotropic hormone of 
the pituitary (111). 

‘Two new iron compounds have been isolated during the past year. 
One, a protein, which crystallises readily as the cadmium salt, was 
first prepared from the spleen of the horse (112). It has now been 
obtained from a number of organs and from several species, including 
the liver of man (113, 114). The protein has been obtained free of 
iron (115), and its molecular weight is about 500,000. It is considered 
that the iron is present as colloidal ferric hydroxide interspaced in 
the crystal lattice of the protein (116, 117). The other iron com- 
pound has been isolated from red human hair (118). It is a purplish 
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red pigment, thought at present to be a phenolic derivative. The 
details of its structure will be received with interest. 


MANGANESE AND COBALT 


The use of radio-active elements has extended our knowledge in 
several directions (119). The absorption and excretion of manganese 
and cobalt by rats has been investigated in this way (120), and by 
balance experiments in man (121). Both metals are absorbed some- 
what incompletely when they are taken by mouth. It seems clear that 
once cobalt has been absorbed it is excreted mainly by the kidney. 
Small amounts, however, also find their way into the bile and juices 
of the intestine. Manganese is predominantly excreted by the liver 
into the bile; minor amounts enter the intestine with other glandular 
secretions, and still smaller quantities are eliminated by the kidney. 
After equivalent dosage some human beings appear to excrete manga- 
nese less rapidly and less completely than the rat. 

Shils & McCollum have reviewed the subject of trace elements 
(122) and made a study of the effects of manganese deficiencies in 
the rat and mouse (123). This work was undertaken to try to find 
out why the results of other investigators had been so contradictory. 
In this they were not altogether successful, but they came to the con- 
clusion that rats and mice behaved alike, and that the discordant 
findings were due to differences in the intake of manganese rather 
than in the species of animal. Some of their animals became inco- 
ordinated and lost their sense of equilibrium, a sign of manganese 
deficiency hitherto undescribed. Boyer et al. (124) found that manga- 
nese deficiency produced stunted growth and sterility, but that it did 
not reduce the activity of intestinal peptidases. The deficient rats 
had less arginase in their livers, as determined after considerable 
dilution in brei. This does not prove that the arginase would have 
been less active im vivo, for the deficiency may only have been un- 
masked, so to speak, by the dilution. Other work has gone to show 
that the activity of the bone phosphatase in chicks is linked up with 
manganese catalysis, and that the over-activity of this enzyme, so 
characteristic a feature of rickets, only shows itself in the presence 
of enough manganese (125). Rudra (126) holds the opinion that 
the guinea-pig’s intestine synthesises ascorbic acid, and that manga- 
nese is essential for this. He has carried out some experiments on 
a few animals and claims to have proved his theory. Manganese 
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has been shown to produce hypoplasia of the dental enamel of the 
rat’s incisor. The effects, unlike those of strontium, are limited to 
the apical fourth of the zone of matrix formation (127). The amount 
of manganese in cow’s milk can be doubled by adding 30 to 60 gm. 
of manganous sulphate to the daily food of the animals (128). 

Polycythaemia induced by cobalt has been shown to improve the 
working performance of anoxic rats, but the performance of the ani- 
mals was at its best after the cobalt treatment was discontinued and 
before the polycythaemia subsided (129). There has been some de- 
velopment in our knowledge of “Coast” disease in sheep. It seems 
that the cobalt is not curative when given by injection, only when given 
by mouth. Thus the element probably acts upon some of the organisms 
in the rumen, not on the host (130, 131), and this explains perhaps 
why horses do not suffer from this disease. 


ZINC 


Zinc is one of the metals which is undoubtedly excreted by the 
intestinal tract. McCance & Widdowson (132) found that the 
amounts in human urine only became significant when much albumin 
was being excreted. Sheline, Montgomery, and others (133, 134, 
135) have now made some considerable advances in this field by 
injecting radio-active zinc into dogs and mice. They have shown 
that injected zinc accumulates in the mucosa of the intestine and 
is concentrated by the pancreas from the plasma to the pancreatic 
juice. It also accumulates in the liver, but is not excreted in the 
bile to any extent. These studies of the movements of zinc about 
the body reveal what can be done with radio-active elements, but 
they also show how little we understand at present of the physiology 
of this metal, for, as the authors themselves point out, it is quite 
impossible at the moment to explain the distribution and movements 
of the injected radio-zinc in terms of the compounds of the body such 
as insulin and carbonic anhydrase, which are known to contain the 
metal. 


LEAD 


Another example of the way in which one radicle will precipi- 
tate another and so prevent its absorption is found in the case of 
lead. Pectin, which has an insoluble lead salt, has been shown to 
depress the absorption of this metal (136). An experimental study 
of lead poisoning, and of the primary and secondary distribution of 
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ingested lead throughout the body, has been made by Fairhall & 
Miller (137, 138). Sodium citrate has been held to be of help in 
the treatment of industrial lead poisoning in man (139, 140). Fol- 
lowing its administration the level of lead in the serum fell, and 
there was an immediate amelioration of symptoms. In spite of the 
fact that most of the classical signs were not present, lead poisoning 
has been attributed to the absorption of the metal from a bullet 
lodged in the sphenoidal sinus eight years before (141). An out- 
break of lead poisoning in cattle has been described due to contami- 
nated silage. The milk of a survivor contained 2.26 p.p.m. (142). 

Human hair has been analysed for a number of “trace’’ elements 
(143, 144), and black hair has been found to contain more lead 
than fair or grey hair. 


COPPER 


Sachs et al. (145) have reviewed the subject of copper in human 
blood, and have shown that the amount varies inversely with the 
iron at all ages and in all pathological conditions so far studied. Both 
metals of course accumulate together in the liver in haemochromatosis 
(146). Gross et al. (99) have reported that tumour tissue is high 
in copper. The metal has been shown to hasten the segmentation of 
Arbacia eggs (147), and work has gone on upon the way in which 
copper salts promote ovulation and pseudopregnancy in the rat and 
rabbit (148). This action can only be demonstrated if the animals 
have been under the influence of their own or injected estrogens, 
and the site of the action is thought to be the nervous system. 


MOLYBDENUM 


The studies of the “teart” pastures of Somerset, England, have 
given us a fascinating chapter in animal pathology and a very rapid 
therapeutic success (131, 149 to 153). Cows kept on these pastures 
develop intractable scouring, lose weight, and go down-hill generally 
until they die. The cause has been found to be poisonous quantities 
of molybdenum in the soil and herbage. The conditions which pro- 
mote or restrict the uptake of molybdenum have been defined, but 
the most satisfactory feature of the whole investigation is the dis- 
covery that 2 gm. of copper sulphate by mouth every day will protect 
the animals, and themselves give rise to no ill effects. No account 
has yet been published of the effects of copper given by injection. 
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FLUORINE 


Most of the work on fluorine has centred round its capacity to 
induce mottled enamel and, in optimum doses, to prevent caries 
without disfigurement (154 to 158). It seems an important point 
that the halogen can protect the teeth even after they are fully calci- 
fied (131, 159). Irving (160) has briefly described some effects of 
fluorine on the teeth of rachitic rats, which has introduced a new 
technique, and probably new problems. McClendon & Foster (161), 
working on themselves, showed that fluorine is stored in the bones 
as well as the teeth, and Linsman & McMurray (162) have described 
the first case in America of skeletal involvement in chronic fluorosis, 
Cases had already been reported in England by Kemp et al. (163). 
The importance of a good diet, if skeletal deformities are to be 
avoided when fluorine-containing waters are being drunk, has been 
emphasised (164). Mottled nails, as a sign of fluorosis, have been 
described by Spira (165). The water supplies of a number of towns 
in England and Wales have been analysed for fluorine (166), and 
it has been claimed that fluorides can be removed from water by 
boiling (167). This finding should be treated with reserve until it 
has been confirmed (168). 

An outbreak of acute fluorine poisoning, which affected 263 per- 
sons and caused 47 deaths, has been reported (169). An insecticide 
was mistaken for dried milk and incorporated into scrambled eggs. 
This is not the first accident of its kind in the United States, and it 
looks as though some further legislation might have to be introduced 
to protect the public from such carelessness or stupidity in food 
processing and handling. 


IODINE 


Some very interesting discoveries about the metabolism of iodine 
have been made in the last 18 months, one of which may have most 
important therapeutic applications. This was the result of an in- 
vestigation by Astwood (170), who showed that thiourea and thio- 
uracil both inhibited the production of thyroxin to such an extent 
that patients with thyrotoxicosis could rapidly be brought into a 
state of metabolic normality. One of three patients developed agranu- 
locytosis, but recovered. The work has been confirmed by Himsworth 
(171), and will probably have been reconfirmed again and again by 
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the time this article appears in print. Further work and experiences 
with these compounds are awaited with interest, and also more de- 
tailed reports of the therapeutic possibilities of radio-active iodine 
(172). Another new and much more physiological compound with 
anti-thyroid activity has been discovered by Carter et al. (173). This 
substance is paraxanthine, and there is one very unusual feature 
about its activity which may ultimately turn out to be of great sig- 
nificance. It will only antagonise thyroxine when the two substances 
are present together in definite proportions. This makes it difficult 
to apply clinically, for the “active” dose has very narrow limits. 
Sharpless & Anthony (174) have failed to confirm a claim that 
chlorides were goitrogenic. 

Two groups of workers have studied the fractionation of the 
iodine compounds in serum. Eighty-five per cent (175) or more 
(176) of the serum iodine is bound up with the proteins, and the 
normal range is 5 to 12 ug. per 100 cc. In normal persons treatment 
with Lugol’s solution raised the soluble iodine in the serum without 
altering the fraction bound to protein. Persons with thyrotoxicosis 
have more than the normal amount of iodine in their serum, and 
practically all of it is “bound.” Lugol treatment reduced the precipi- 
table iodine in the serum of hyperthyroid patients, but only if they 
were making a good clinical response. 

Working with radio-iodine, Morton & Chaikoff (177) have shown 
that tissue slices of the thyroid gland of the sheep, dog, and rat 
rapidly synthesise thyroxine and diiodotyrosine, and others (178) 
have demonstrated that this synthesis is inhibited by the sulphonila- 
mides. It has also been shown that synthesis of both compounds must 
not only go on in the thyroid (179) but also in other organs (180), 
which seems to be rather a fundamental contribution to developmental 
and comparative physiology. Leblond et al. (181) have found that 
adult rats can be induced to synthesise thyroxine much more rapidly 
by keeping them at O°C. for a few days. This argues for greater 
thyroid activity and explains why persons in cold climates demand 
more calories. It appears that iodides are selectively concentrated and 
excreted by the salivary glands of man (182, 183). It is difficult to 
see any biological value in this performance, for the iodide will only 
be reabsorbed lower down the alimentary canal, but some such mecha- 
nism may explain the well-known presence of thiocyanates in salivary 
juice. These glands will not excrete the iodine in tetraiodophenol- 
phthalein, although of course the liver selectively does so. 
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OTHER TRACE ELEMENTS 


A hundred different foodstuffs eaten in India have been analysed 
for arsenic (184). Sea fish tend to be the richest and vegetables the 
poorest sources. The rate of excretion of gold salts has again been 
shown to depend upon their solubility (185, 186). Tin salts in toxic 
doses have been given to rabbits (187). It has been confirmed that 
strontium behaves like calcium as regards absorption and excretion 
(188), and this element has been used to mark the rate of growth of 
dentine (189). Radio-strontium has been claimed to have therapeutic 
possibilities in the treatment of secondary growths in bone (190, 191) 
and phosphates have also been tried (192), but it is much too early 
to appraise this form of therapy. Youmans & Delves (193) have 
found that barium chloride and nitrite, but not other salts tested by 
them, tend to make Staph. aureus produce small colony variants. The 
anticoagulant actions of neodymium, lanthanum, and cerium have 
been investigated in man, but their use for such a purpose is contra- 
indicated because of their toxicity (194). The effects of sodium sul- 
phide on the metabolism of tissue slices has been studied by Smythe 
(195), and sodium nitrite in the doses required for food preservation 
has been shown to do rats and cats no harm (196). 


THE CELL AND ITS ENVIRONMENT 


A survey of the alkali metals necessarily involves a simultaneous 
review of chlorides, bicarbonates, and water, and this in turn demands 
some consideration of the constitution of the fluid compartments of 
the body, and of the way in which they are regulated by the kidney. 

Extracellular fluid volume.—Two groups of workers have studied 
the determination of the extracellular fluid volume (197, 198). The 
thiocyanate method can be standardised, but, whatever the state of 
hydration of the animal, it always gives results higher than those 
given by radio-active sodium, and these again are above the figures 
obtained by the use of radio-active chloride. Without further in- 
vestigation no method can be considered to give absolute results, 
but all may have their uses for comparative purposes. Even so, all 
methods should be considered in the light of what is now being dis- 
covered about the factors which alter the permeability of the cell 
membrane and the distribution of ions within the body (199 to 203). 

By a study of all the ions, Childs & Ejichelberger (204) set out 
to discover whether normal pregnancy in dogs produced any tendency 
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to edema formation. They came to the conclusion that 15 per cent 
of the muscle mass was extracellular, whether the animals were 
pregnant or not, and that all reacted to the administration of large 
amounts of isotonic saline in the same way. The exposure of monkeys 
and rats to low temperatures has been observed to produce some 
rather complex exchanges of water between the cellular and extra- 
cellular compartments of the body (205). In the early stages the 
serum proteins and chlorides rose and water passed into the cells. 
These changes were at their maximum when the body temperature 
was about 30°C. At lower temperatures, when the hypothalamus 
ceased to respond to reflexes, water passed out of the cells until the 
serum chlorides fell to less than their normal levels. 

The internal environment.—Several groups of investigators have 
changed the osmotic pressure and the pH of man’s internal environ- 
ment and studied the effects. Kirsner and his co-workers (206) have 
induced both salt deficiency and alkalosis by the continuous aspiration 
of gastric juice from patients with peptic ulcers. By these means the 
serum sodium was reduced to 115 m.eq. per litre in one case, and 
the serum chloride to less than 60 m.eq. per litre. The other changes 
were on the whole similar to those described by previous investigators. 
The patients lost a considerable amount of weight and felt listless; 
their plasma proteins and haematocrit values rose, as did also the 
bicarbonate and the pH of the serum. In spite of these last two 
changes the urine of one patient was acid throughout, which conforms 
with clinical experience, and with earlier experimental work (207). 
It is evident that during a period of salt deficiency the kidney will not 
excrete sodium to correct a simultaneous alkalosis. The regulation 
of the body’s osmotic pressure comes first. Kirsner et al. make a great 
deal of the fact that the blood urea of these patients did not increase, 
and they attribute this to the fact that the salt deficiency was induced 
slowly, over a period of twelve days. While this may have been a 
factor, it is certainly not the only one. Some of the subjects of McCance 
& Widdowson (208) were made salt deficient over a period of eight 
days or more, and they showed signs of renal deterioration only 
towards the end. Kirsner’s subjects had lowered blood pressures 
and all the signs of a diminished blood volume. The stage was there- 
fore set for a rise in blood urea and a fall in urea clearance and, if 
the authors did not detect it, individual idiosyncrasies were probably 
responsible. As a matter of fact both the patients who were exten- 
sively studied showed a rise of blood urea over their normal levels, 
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and probably a fall in clearance at the same time, but the authors 
chose to minimise it. 

Kirsner’s other papers have shown that the administration of 
calcium carbonate and aluminium hydroxide does not throw enough 
strain on the mechanisms of acid base regulation to produce clinical 
alkalosis (1), and that the administration of sodium chloride will 
prevent the onset of alkalosis during the treatment of peptic ulcers 
by the aspiration of gastric juice (209). This might have been antici- 
pated from the clinical and experimental work of many previous in- 
vestigators (207). Salt deficiency in dogs has been reported to make 
for subnormal oxygen consumption by interfering with the rate of 
dissociation of oxygen and haemoglobin (210, 211). Sanguinetti (79) 
has written enthusiastically about the beneficial effects of low mineral 
diets in cases of heart failure and nephritis. 

A good deal of work has been carried out on both sides of the 
Atlantic on the effects of dehydration (212). Most of this has been 
inspired by the exigencies of the war, and some of it has not yet been 
released for publication. A study has been made of the effects of 
water deprivation by Ladell (213). Subjects were maintained on 
diets similar to those likely to be available in lifeboats. They con- 
tained insufficient calories and very little salt. The experiments were 
planned to determine whether it was beneficial in these circumstances 
to drink small quantities of sea water in addition to the limited ration 
of fresh water. Ladell found that the volume of urine did not fall 
after the first day. Drinking up to 400 cc. of sea water (12 to i4 gm. 
of sodium chloride) increased the volume of urine, but not by more, 
and often by less, than the volume of sea water taken. All the extra 
sodium chloride was excreted. The increase in the amount of water 
excreted improved the urea clearances, and the extra water to drink, 
even though it was highly salted, had a good psychological effect. 
Black, McCance & Young (214) have also studied the physiological 
effects of a water shortage. They have confirmed the experiments of 
Nadal et al. (215) that during three or four days of water deprivation 
the body may lose 10 per cent of its weight without any appreciable 
reduction in the blood volume, and they found no significant changes 
in blood pressure or glomerular filtration rate (216). McCance 
& Young (217) tried the effect of varying the salt intake during 
water deprivation, and found that increasing the intake always led 
to a rise in the volume of urine. The extra water came from the 
body fluids. The authors also studied the effects of rehydration in 
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stages. When subjects, who had been deprived of water for some 
days on a diet containing 5 to 15 gm. of salt, were given somewhat 
less water than the amount of weight they had lost, their urine vol- 
umes fell. The amount passed in the first 24 hours of rehydration 
was always smaller than it had been during the days of dehydration. 
The accompanying changes were a large fall in the percentage of 
chlorides in the urine and a rise in the percentage of urea. The iatter 
is particularly interesting because it was associated with a fall in the 
serum urea. The authors considered that the reduced output of water 
and the increased percentage of urea in the urine were both due to 
a fall in the excretion of sodium chloride. Such a fall would certainly 
make for a diminution in the volume of the urine for reasons which 
have just been given. So much less salt presented itself for excre- 
tion, however, that the percentage of chlorides in the urine fell. This 
allowed the kidneys to raise the percentage of urea. The authors are 
not in agreement with Ladell’s conclusions about the beneficial effects 
of sea water. The supposedly beneficial effects can only be observed 
when the diet contains very little salt and the intake of sea water is 
limited. It is hard to see how the administration of a strongly hyper- 
tonic solution can possibly benefit a man who is already short of 
water. The extra salt may be excreted, but only at the expense of 
a further rise in the osmotic pressure within the body, and this can- 
not be beneficial. Large amounts of sea water are admitted by all 
to be strongly contra-indicated. 

Interesting but complicated effects of sodium chloride upon the 
sugar metabolism of rats have been reported (218). Sugar was given 
intraperitoneally in water or in saline and the effects compared. The 
salt decreased the blood sugar and increased the deposition of gly- 
cogen. It also decreased the amount of sugar which was transformed 
into unidentified products. One wonders how much of these effects 
of sodium chloride was due to the fact that it corrected the salt defi- 
ciency caused by the intraperitoneal glucose (219). Primary atypical 
(or virus) pneumonia, alias acute pneumonitis, has been shown not 
to provoke a disturbance of chloride metabolism as acute pneumo- 
coccal pneumonia is well known to do (220). 

The excretion of chlorides and water by the kidney has been 
studied in dogs (221), normal and hypertensive subjects (222), and 
in students during and after exercise (223). The last study em- 
braced phosphates, ammonia, creatinine, and other urinary constitu- 
ents. The chloride excretion has again been invoked as a help in 
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the differential diagnosis of Addison’s disease, and it is clear that 
the conditions originally laid down were not sufficiently stringent 
(224). The inability of the infant’s kidney to maintain a normal 
internal environment under conditions which would not be considered 
unfavourable in adult life (225) has again been noted. It has become 
clear (226) that the urea and mineral clearances tend to be very 
much below the adult levels at birth, and that the infant cannot pro- 
duce a concentrated urine, even when short of water. These are the 
reasons why diarrhoea and vomiting and injudicious saline therapy 
(227) may produce such remarkable changes in the composition of 
the serum. 

The blood picture and the internal environment of the carp and 
trout have been subjected to a detailed study (228). The isolated 
crop of the insect, Periplaneta Americana, will only survive and 
remain active if it be immersed in a solution containing both potas- 
sium and calcium (229). There is nothing surprising in this, but it 
is evident that this insect requires calcium even if others do not 
(230). 

Mineral exchanges of unicellular organisms.—E. Coli (231), like 
yeast (232), has been shown to take up potassium in large amounts 
during the stage of glycogen synthesis at the commencement of fer- 
mentation, and to release it again into the medium as the fermentation 
proceeds (233). A very pretty explanation of these and similar ob- 
servations on muscle has been advanced (234). 

The unicellular alga, Chlorella pyrenoidosa, has been shown not 
to require calcium for its growth and reproduction, and to be able 
to replace some of its potassium by sodium when the supplies of the 
former are inadequate (235). The effects of the halide environment 
on Penicillium sclerotiorium, and upon the production of its chlori- 
nated metabolic product have been studied (236). The organism will 
not substitute bromine or iodine for chlorine in the organic product. 

The washed cells of B. cereus rapidly die out in distilled water, 
but they are protected for some time by solutions of sodium chloride 
as dilute as 0.00001 M and up to 0.3 M (237). Observations of 
this sort recall those of others (238, 239), on much more compli- 
cated animals such as goldfish. 


POTASSIUM 


A considerable amount of work has been carried out on the potas- 
sium ion (240). It has been shown to have a catalytic action in the 
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transference of phosphates from 2-phosphopyruvate to the adenylic 
system (241). Such work demonstrates, if such a demonstration were 
needed, that potassium is not retained within the cell merely to regu- 
late the osmotic pressure. Experiments on a few mice have shown 
it to be very difficult to raise the body potassium by dietary means 
(242). 

After the release of a tourniquet which has been applied for ortho- 
paedic operations both the serum potassium and the inorganic phos- 
phorus have been shown to rise (243). Prolonged application of a 
tourniquet to a dog’s limb leads to similar but greater changes in both 
radicles (244, 245). The potassium may reach 8 m. M per litre, but 
this is not enough to cause death, for in cats, poisoning, as indicated 
by the electrocardiogram, only begins to show itself when the level 
in the serum is raised slowly by injection to 11 m. eq. per litre (201). 
Trauma may also cause a large increase in the serum potassium, and 
if an animal is on the point of death from secondary shock, very high 
figures for this ion may be obtained. It is not, however, thought that 
this change is the actual cause of death. It is the old story of post hoc 
rather than propter hoc (244, 246). Lyman (247) found that radio- 
active potassium penetrated abnormally rapidly into a mammalian 
muscle which had been denervated for some days. He associated this 
with the ease with which potassium contractures can be induced in 
such muscles. Of rather more pharmacological interest is the dis- 
covery that, if the heart of the dogfish, which is not supplied by 
sympathetic fibres, has been brought to a standstill by an excess of 
potassium ions, it can be started up again by epinephrine (248). In 
“winter” turtles (249) the heart has been shown to be relatively 
insensitive to lack of potassium and to be hypersensitive to vagal 
stimulation. In the summer the turtle’s heart stopped beating soon 
after potassium was withdrawn and was not so responsive to vagal 
stimulation. Only in winter could the heart be made to stop in systole 
by the administration of an excess of potassium, together with one 
of the cardiac glucosides. 

Potassium deficiencies have been studied by several groups (250 
to 254). Rats deficient in this metal developed histological lesions 
in the heart which, oddly enough, were prevented by a thiamin defi- 
ciency but were made worse by exercise. After the exercise violent 
contractions of the skeletal muscles were sometimes noted. Rubidium 
prevented the development of these histological lesions in the heart, 
but the doses given made the animals very irritable; in ten days they 
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began to have fits and died less than a week later. The cardiac lesions 
of desoxycorticosterone acetate (D.O.C.A.) poisoning are probably 
in essence those of potassium deficiency, for they can be prevented 
by adding potassium chloride to the drinking water (202). A potas- 
sium deficiency leads to renal hypertrophy (251) and prolongs the 
life of nephrectomised animals (250). This work should be read in 
conjunction with that of Keith et al. (255). Of interest in this con- 
nection is the work of Talbot et al. (200), who set out to study the 
action of androgens upon a girl with Addison’s disease who was 
being kept in reasonable health by salt and D.O.C.A. The beneficial 
effects of testosterone propionate were so great that D.O.C.A. therapy 
was successfully discontinued. One of the actions of the androgen 
was to produce a dramatic fall in the serum potassium to levels as 
low as 0.7 m. eq. per litre. This did not, as might have been expected, 
lead to any of the signs which we associate with potassium deficiency 
in man, such as weakness or muscular paralysis. It would be inter- 
esting to know the effects of the prolonged administration of this 
drug upon the activity and well-being of organs such as the heart. 

The blood banks have continued to stimulate work on the perme- 
ability of the red blood cell in vitro. Maizels (256) has published an 
extensive paper on the subject, and there is much information to be 
found in Davson & Danielli’s book (239, 257). There is no doubt 
that the red cells lose their potassium and take up sodium when they 
are stored at low temperatures. Biochemists like to get their material 
into test tubes, and no one will deny the value of the blood banks or 
of the work done at them, but it is uncertain at the moment how much 
of it applies to the red cell as it circulates in the body. This, however, 
has been studied by a few people (239, 258) and most recently by 
Nordlander (259), who found that the cat’s red cells lost potassium 
during their sojourn in the spleen. Much of this work in the future 
is likely to. be carried out with radio elements, but for some purposes 
they will never be of any use. 

The excretion of potassium has been studied in normal dogs 
(260), and in patients with severe renal insufficiency (79, 255). 
Winkler & Smith (260) found that, although the clearances rose 
rapidly with the level of potassium in the serum, they were never so 
great as the creatinine clearances (glomerular filtration rates), indi- 
cating that some potassium was always being reabsorbed. Keith et al. 
(255) have confirmed a fact, already generally recognised, that the 
excretion of potassium is usually well maintained even in the late 
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stages of chronic nephritis and nitrogen retention. These authors, 
and also Sanguinetti (79), have, however, noted that patients with 
nephritis excrete a test dose of potassium less readily than normal 
persons. Keith et al., moreover, found that in normal persons who 
have been dehydrated by potassium salts, the potassium clearances 
may rise above the inulin clearances, suggesting that, even if potas- 
sium is always reabsorbed, excretion by the tubules must at times 
be even more active. 


SopIUM 


Sodium chloride and potassium balances on five children have 
been carried out at two different levels of protein intake (261). At 
the higher intake of 4 gm. per kg. the children retained more chlorides 
and a little more sodium than they did at the lower intake of 3 gm. 
per kg. The authors attempted to calculate the sort of tissue being 
built up from the type of minerals retained, but it is very doubtful if 
such calculations are justified. 

Radio-sodium appears to be absorbed so rapidly that it may be 
detected in human milk within twenty minutes of its ingestion (262). 
Radio-sodium and heavy water have been shown to be absorbed from 
stomach pouches in the dog, and the rate varies with the location 
of the pouch (263). It is clear from this, and also from the work 
of Hahn et al. (100) that the functions of the stomach must be seri- 
ously reconsidered so far as mineral metabolism is concerned (264). 
The absorption of radio-active phosphorus has been studied by Weiss- 
berger & Nasset (265), but these authors missed the possibilities of 
finding out about absorption in the stomach by giving the salt directly 
into the dog’s duodenum. Adams et al. (266) have used the Cope 
pouch for a reinvestigation of the old problem of the effect of a dose 
of bicarbonate upon the secretion of hydrochloric acid. They con- 
clude that it has a small stimulating effect for a few hours. The 
passage of radio-sodium and heavy water to and from the foetus has 
also been investigated (267, 268). The passage of water to and from 
the foetal guinea pig becomes much faster as gestation advances. It 
is always about 50 times more rapid than the transfer of sodium and 
500 times greater than the amount incorporated in the growing tissue. 

The insoluble sodium of bone has been studied by means of the 
tadio-active isotope (269). It is inferred in this interesting paper that 
the sodium is adsorbed on to the crystals of hydroxy-apatite. Theo- 
retically the amounts adsorbed should vary directly with the size and 
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inversely with the surface area of the crystals, and hence the relative 
amounts of insoluble sodium found in bone, dentine, and enamel have 
been explained. Further, these structures take up sodium in amounts 
which can be predicted from the Freundlich adsorption isotherm. 
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THE CHEMISTRY OF THE HORMONES 


By H. JENSEN 


Research Laboratories, The Upjohn Company 
Kalamazoo, Michigan 


Only a comparatively small number of papers dealing with the 
chemistry of the different hormones has appeared during the year of 
1943. Apparently the present preoccupation with more immediately 
practical problems has temporarily interrupted research in this field. 
Foreign journals have been only partially accessible. The chemistry 
of the steroid hormones and the excretion of these principles have only 
been briefly referred to since these subjects will be discussed in another 
chapter by Professor F. C. Koch. The chemistry of plant growth sub- 
stances is reviewed in this volume by Dr. I. van Overbeek. Since the 
chemistry of the hormones of the gastrointestinal tract and of antihor- 
mones has not recently been reviewed, the more important literature 
prior to 1943 has been included. I wish to tender my apology to the 
authors whose papers may not have been reviewed, and for the un- 
avoidable oversights and possible misinterpretation of results in the 
subjects treated. 


PITUITARY 


Lactogenic hormone.—Li, Simpson & Evans (1) have described a 
procedure for the isolation of the pituitary lactogenic hormone from 
sheep or ox glands. The preparation was found to be chemically pure 
by electrophoretic, solubility, and diffusion tests and to have an activity 
of 25 to 30 I.U. per mg. Lactogenic preparations of similar potency 
have been obtained by Schwenk, Fleischer & Tolksdorf (2). Accord- 
ing to these investigators treatment of fresh, macerated pituitaries with 
chloroform separates the pituitary proteins into two fractions, an aque- 
ous solution, containing among other active principles the gonado- 
trophins and thyrotrophin, and a solid gel, containing prolactin and 
adrenocorticotrophin. The lactogenic hormone is obtained from the 
chloroform gel by extraction with acid methanol and sodium chloride 
fractionation. Fleischer (3) has shown that prolactin is highly soluble, 
at a pH below its isoelectric point, in 99.8 per cent methanol and in 
95 per cent ethanol. This behavior, however, is shown by a large 
number of the proteins from fresh pituitary glands. Li (4) from diffu- 
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sion and viscosity measurements of a highly purified lactogenic hor- 
mone preparation arrived at a molecular weight of 22,000 for this 
principle. The methionine and cystine content of highly purified pro- 
lactin was found by Li (5) to be 4.31 and 3.11 per cent, respectively. 
Within limits of experimental error, methionine and cystine contents 
account for the total sulfur in the hormones. Further studies on the 
specificity of the local crop-sac test for prolactin in pigeons have been 
reported by Lahr, Bates & Riddle (6). 

Trentin, Lewis, Bergman & Turner (7) have reported experi- 
ments which indicate that the mammary duct growth stimulating 
factor, designated as mammogen I, is present in the protein fraction 
of the anterior pituitary rather than in the fraction extracted by lipid 
solvents which previous work’ by Lewis & Turner (8) had indicated. 

Thyrotrophic hormone.— A procedure for obtaining from beef 
pituitaries highly potent thyrotrophic preparations, which behaved 
like a homogeneous substance in the Tiselius apparatus and in the 
ultra-centrifuge, has been briefly described by Ciereszko & White (9). 

Adrenocorticotrophic hormone. — Methods for obtaining highly 
purified adrenocorticotrophic anterior pituitary preparations have been 
simultaneously published by different laboratories (10, 11, 12). The 
procedure of Li, Evans & Simpson (10) starting from sheep glands 
consists mainly of salt fractionation, while the procedure of Sayers, 
White & Long (11) involves chiefly isoelectric precipitation of hog 
gland extract. Neufeld (12) has adopted a procedure similar to the 
two outlined. The preparations obtained from different sources by 
the Berkeley and New Haven groups seem to be similar if not identi- 
cal as judged from their physical chemical properties as found in the 
two laboratories (10, 11). Electrophoretic, sedimentation, and solu- 
bility experiments indicate the preparations to be homogeneous. Bio- 
logical tests show them to be free of other anterior hypophyseal hor- 
mones. Molecular weight determinations gave a value of 20,000 (13), 
and the isoelectric point was found to be between pH 4.7 and 4.8. 
Li, et al. (10) showed that adrenocorticotrophic activity is destroyed 
by trichloroacetic acid and by tryptic digestion but shows a marked 
stability to peptic digestion. Simpson, Evans & Li (15) have pro- 
posed two methods for standardizing the adrenocorticotrophic potency 
of pituitary extracts. The units are defined as (a) the total dose in 
milligrams necessary to cause beginning adrenal repair (redistribution 
of cortical lipid) in female rats twenty-six to twenty-eight days old at 
hypophysectomy and fourteen days post-operative at the beginning of 
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the four day injection period, and (b) the daily dose in milligrams 
necessary to maintain the pre-operative adrenal weight for fifteen days 
in male rats hypophysectomized at forty days of age. Tyslowitz (14) 
has reported that dialysates of hog pituitary extract contain a factor 
which increases the size of the adrenals in hypophysectomized rats. 

Growth and metabolic hormones——Marx, Simpson & Evans (16) 
described a procedure for the preparation and purification of growth 
hormone from beef anterior pituitary lobes. It consists of the fol- 
lowing five steps: desiccation of the gland tissue with acetone, extrac- 
tion with calcium hydroxide, precipitation with ammonium sulfate, 
treatment with cysteine, and further fractionation by pH variation. 
The final product had a potency of approximately 130 growth hormone 
units per mg. (hypophysectomized rat units). Compared with the cal- 
cium hydroxide extract, this represents approximately a 16-fold in- 
crease in potency. Evans and his associates (17) have described a new 
method for the bioassay of the pituitary growth hormone. This method 
is based upon the observation that hypophysectomy causes regressive 
changes, which can be reversed with growth hormone, at the proximal 
end of the tibia in the immature rat. The increase in width of the 
cartilage observed during the administration of growth hormone is 
employed as the criterion of assay. Antagonism has been demonstrated 
on simultaneous administration of growth hormone and of adreno- 
corticotrophic hormone (18), while synergism was obtained when the 
growth hormone was given in combination with purified thyrotrophic 
pituitary hormone (19). According to Herring & Evans (20) ad- 
ministration of either crude anterior pituitary extracts or of highly 
purified growth-promoting preparations were most potent in produc- 
ing an increase in muscle glycogen. Administration of the adreno- 
corticotrophic principle showed slight or no activity during the one- 
day test in which growth hormone preparations were highly effective. 
Purified growth hormone preparations of the anterior pituitary pro- 
duce a marked increase in glucose excretion in the sucrose-fed, partially 
depancreatized rat (21). Fraenkel-Conrat, Simpson & Evans (22) 
reported that hypophysectomy leads to a marked decrease in liver 
arginase activity. This process could be reversed by the administration 
of adrenocorticotrophic hormone. This pituitary principle also in- 
creased the arginase activity of the livers of normal rats. In contrast, 
growth hormone was found to decrease the arginase activity in hypo- 
physectomized and normal rats. 

There is as yet no definite proof that the anterior pituitary secretes 





350 JENSEN 


a specific ketogenic principle. The findings of Shipley (23) indicate 
that growth and ketogenic effects are due to two separate principles 
which apparently have similar molecular size (24). Gray (25) found 
that the ketogenic activity is distributed fairly evenly among the albu- 
min, globulin, and pseudoglobulin fractions of pH 5.5 soluble extracts 
of the anterior pituitary. 

Pars intermedia and neuralis.—It is still an open question whether 
the pharmacological activities of the posterior lobe are due to a single 
protein molecule having multiple activities or to different molecules of 
smaller size which may or may not be integral parts of a single mole- 
cule in the gland itself. Smith (26) made a comparison of the official 
and the chicken methods for the oxytocic bioassay of posterior pitui- 
tary preparations. He found that the chicken method has many prac- 
tical advantages over the official method. A procedure for the sepa- 
ration of the pressor and oxytocic hormones by the use of mixtures of 
acetone with methanol or ethanol has been described (27). 

From posterior lobe pituitary powder potent melanophore-expand- 
ing preparations have been obtained having 85,000 Landgrebe-Waring 
units per mg. and less than 1 I.U. of pressor activity (28). Abramo- 
witz, Papandrea & Hisaw (29) have described a method for the puri- 
fication of intermedin. The final preparation represents a purification 
of 200-fold over that of the original pituitary tissue. Chen & Geiling 
(30) observed an increase in potentiation of the melanophore hormone 
with change in pH from low to high values and a difference in pharma- 
cological properties between the “potentiated” and the “unpotentiated” 
substance. They believe that potentiation of the hormone is due to an 
effect on the molecule by changes in pH. For detailed information on 
the recent advances in the chemistry of the various pituitary hormones 
the reader is referred to a review published by The New York Acad- 
emy of Sciences (31). 


GONADOTROPHIC HORMONES 


Anterior pituitary.— McShan & Meyer (32) have published an 
additional procedure for the preparation and purification of sheep 
pituitary gonadotrophin. Addition of hemin to pituitary gonadotro- 
phic extracts produces augmentation of the physiological effect in the 
normal male (33) as well as in the normal female rat (34). 

Urinary gonadotrophin.—Katzman, et al. (35) have described a 
new method for the preparation and purification of chorionic gonado- 
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trophin of pregnancy urine. This method is based on the chromato- 
graphic adsorption of the active principle on permutit and its elution 
with an alcoholic solution of ammonium acetate. The hormone is pre- 
cipitated from the eluate by increasing the concentration of alcohol. 
Preparations assaying 8,500 I.U. per mg. have been obtained in this 
way. Material of similar potency of chorionic gonadotrophin has been 
previously described by Gurin and his associates (36). Bischoff (37) 
found that more than 90 per cent of the physiological activity of chori- 
onic gonadotrophin is destroyed on treatment with phenylisocyanate 
under mild conditions of reaction. Salmon & Hamblen (38) reported 
that the amount of gonadotrophin recovered from the urine of rabbits 
during the first ninety-six hours following the administration of 
chorionic gonadotrophin was 5.7 per cent of the total amount injected. 
No gonadotrophin was found in the urine after ninety-six hours. 
Jones, Gey & Gey (39) demonstrated that placental cells maintained 
in continuous culture produce chorionic gonadotrophin and may retain 
this capacity as long as six months. It has not been possible to demon- 
strate that placental cells can produce estrogen under similar circum- 
stances. 

Only a few studies have been reported on the gonadotrophins found 
in the urine of normal men and of normally menstruating or meno- 
pausal women. Leathem & Mills (40) found that gonadotrophic ex- 
tracts of normal male urine restores and maintains spermatogenesis 
in hypophysectomized rats and causes a definite increase in testis 
weight in the hypophysectomized immature animal. These results 
show that male urine gonadotrophin extracts give predominantly a 
gamotogenic effect. Levin (41) reported that tannic acid precipitation 
recovers more gonadotrophic activity from the urine of normal men 
than does alcohol precipitation. Evans & Gorbman (42) described a 
modified alcoholic precipitation method for the preparation of gonado- 
trophic concentrates from normal male urine. 

Pregnant mare serum gonadotrophin (equine).— Rimington & 
Rowlands (43) have briefly described a method of purification of 
pregnant mare serum gonadotrophic preparations by fractional alcohol 
precipitation at varying pH. These investigators have obtained prepa- 
rations assaying about 12,000 I.U. per mg. 

The question is still open whether the gonadotrophic effect of preg- 
nant mare serum is exerted by two distinct separate principles, one 
specifically affecting the interstitial tissue of the ovary and Leydig 
tissue of the testis, and the second causing follicular growth in the 
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female and germinal tissue development in the male, or whether it is 
the property of a single individual principle. The observation of Kup- 
perman, Meyer & McShan (44) that antifollicle-stimulating hormone 
serum could selectively neutralize the follicle-stimulating activity of 
pregnant mare serum preparations without inhibiting the luteinizing 
action would seem to indicate that the equine gonadotrophic effect is 
elicited by two distinct principles. The finding of Jensen, Hauschildt 
& Evans (45) that an augmentative effect could be observed when 
pregnant mare serum gonadotrophin was administered in combination 
with a pituitary follicle-stimulating preparation, while the addition of 
chorionic gonadotrophin did not potentiate the gonadotrophic response 
of equine, indicates that the gonadotrophic effect of pregnant mare 
serum is mainly a luteinizing response. A comprehensive study of the 
effect of equine gonadotrophin on the testes of hypophysectomized 
monkeys has been carried out by Smith and his associates (46). 

Biological properties.—It is generally accepted that pregnant mare 
serum and chorionic gonadotrophin evoke different biological re- 
sponses in appropriate test animals. It is also evident that the active 
gonadotrophic substance or substances in the urine of castrate and 
post-menopausal women and of normal men differ among themselves 
and from the chorionic principles (human chorionic gonadotrophin 
and equine). The present status of gonadotrophic therapy in gyne- 
cological practice has recently been reviewed by Davis & Hellbaum 
(47). 

Biological assay.—It is generally recognized that reliable results 
on the specific biological response of gonadotrophic preparations can 
best be obtained in hypophysectomized animals. Assays in normal 
animals may lead to erroneous interpretation of the physiological 
effects observed. Modified procedures have been published for assay- 
ing the gonadotrophic activity of anterior pituitary follicle-stimulating 
hormone (48, 49) and of chorionic gonadotrophin (50, 51, 52). 


THYROID 


That the thyroid gland is not essential for the synthesis of thy- 
roxine has been demonstrated by the isolation of radioactive thyroxine 
following the administration of radioactive iodine to rats which were 
deprived of all thyroid tissue (53). The im vitro conversion of iodine 
to diiodotyrosine and thyroxine by surviving slices of thyroid gland 
excised from sheep, dog, and rat has been demonstrated by Morton & 
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Chaikoff (54) with the aid of radioactive iodine. Schachner, Franklin 
& Chaikoff (55) found that cyanide, azide, sulfide, and carbon mon- 
oxide inhibits the formation of diiodotyrosine and thyroxine from in- 
organic iodide by thyroid tissue. These investigators believe that the 
formation of both diiodotyrosine and thyroxine by the thyroid gland 
is linked with aerobic oxidations in which the cytochrome oxidase 
system is involved. Franklin & Chaikoff (56) showed that sulfanila- 
mide has an inhibitory effect on the conversion of inorganic iodine to 
both diiodotyrosine and thyroxine. This latter observation is in agree- 
ment with recent observations that the administration of certain sul- 
fonamides produces enlargement and hyperemia of the thyroid gland 
in the rat, coincident with a state of hypothyroidism (57, 58). It has 
been suggested that these compounds act on the synthesis of thyroxine. 
Thiourea and uracil have been reported to be effective in thyrotoxicosis 
in man (59, 60). 

According to Turner and his associates (61, 62) the critical fac- 
tors in the chemical formation of artificial thyroproteins with high 
thyroidal activity are the degree of iodination of the protein, the pH 
of the reaction medium, and the temperature at which the iodination 
and incubation processes are carried out. Lautenschlager & Bockmihl 
(63) have studied the formation of dl-thyroxine by iodination of dif- 
ferent proteins under various experimental conditions. Reineke & 
Turner (64) have obtained about 400 mg. of crystalline thyroxine of 
good purity from 100 gm. of iodinated casein. The same authors also 
reported that direct hydrolysis of iodinated casein with a sulfuric acid- 
butyl alcohol mixture gave a yield of approximately 0.1 per cent of 
crystalline /-thyroxine (65). 

Carter, et al. (66) reported results which have led these investi- 
gators to the conclusion that the basal metabolic rate is normally con- 
trolled in the rat not by the concentration of the thyroid secretion in 
the internal medium alone but by the interaction between this secretion 
and an anti-thyroid substance which they have identified as paraxan- 
thine (1,7-dimethylxanthine). These observations may throw new 
light on the formation of antihormones. Paraxanthine may be effective 
in the treatment of thyrotoxicosis in man. Rawson, Sterne & Aub 
(67) observed that the thyroid stimulating effect of a pituitary extract 
is destroyed following its exposure to normal thyroid tissue. For 
detailed information on the new approaches to the physiology of the 


thyroid the reader is referred to a recent comprehensive review by 
Means (68). 
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INSULIN 


No additional progress on the chemistry of insulin has been made 
during the period under review. A method for detecting the presence 
of insulin in urine has been described and investigated by Cutting 
(69). Lukens and his associates (70, 71) reported that treatment of 
partially depancreatized cats, made diabetic by injection of anterior 
pituitary extract, with either insulin or phlorizin is followed by mor- 
phological restoration and functional recovery of the islet tissue in the 
pancreas if the treatment is begun within the first three months. After 
three months of the diabetic state, when atrophy of the pancreatic islet 
tissue had developed, there was no recovery after the administration 
of either insulin or phlorizin. Further reports on the clinical value of 
various insulin preparations in the treatment of diabetes mellitus have 
appeared (72 to 75). Reference should be made to the interesting ob- 
servation of Dunn & McLetchie (76) that alloxan, in doses of 300 to 
400 mg. per kg. body weight, introduced subcutaneously or intramus- 
cularly in rats, usually caused severe acute damage of the islet tissue 
in the pancreas. Glycosuria developed in rats which survived the 
treatment, and some animals exhibited practically all the signs and 
symptoms of severe diabetes mellitus. The glycosuria could be abol- 


ished by injections of insulin. These findings have been confirmed 
by Bailey & Bailey (77) for the rabbit, and by Goldner & Gomori 
(78) for the dog. 


ADRENAL CORTEX 


A comprehensive review on the chemistry of the hormones of the 
adrenal cortex has been published by Reichstein & Shoppee (79). The 
partial synthesis of dehydrocorticosterone has recently been accom- 
plished by Lardon & Reichstein (80, 81, 82). The synthetic product 
was found to be identical with the natural substance. Shoppee & 
Reichstein (83) found that anhydro-corticosterone acetate, obtained 
on treatment of corticosterone acetate with acid, is about two to three 
times more potent than desoxycorticosterone acetate in the Everse-de 
Fremery test. Both compounds show about the same activity when 
tested for life maintenance in adrenalectomized rats. Segaloff & Nel- 
son (84) reported that A*-pregnene-3-ol-20-one-21-ol-acetate falls be- 
tween progesterone and desoxycorticosterone acetate in its ability to 
produce growth and to lengthen the survival time of adrenalectomized, 
immature male rats. Kuizenga, et al. (85) observed that hog adrenal 
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cortical extract was considerably more potent by both the adrenalecto- 
mized rat survival test and by the muscle contraction test, than beef 
and sheep adrenal cortical extracts. These investigators expressed the 
belief that the higher activity of hog extract may be due to the in- 
creased amount of C,, oxygenated steroids present. 

Reinecke & Kendall (86, 87) have proposed a method for the bio- 
assay of adrenal cortical extracts based on the amount of glycogen 
deposited in the liver of a fasting, adrenalectomized rat after injection 
of the test solution. Bergman & Klein (88) reported on their experi- 
ence with the method of Reinecke & Kendall (86, 87). They found 
that in fasted, adrenalectomized male rats, injected with adrenal corti- 
cal extracts, the total amounts of glycogen stored in the liver for a given 
dose of extract is independent of the body weight, at least in the range 
of 130 to 340 gm. The total amount of glycogen deposited is likewise 
independent of the weight of the liver. According to Rogoff (89) the 
only reliable method of assay by which potency and purity of adrenal 
cortical extracts can be assured is standardization based upon survival 
and health of bilaterally adrenalectomized male dogs. Ingle (90) has 
published further details of his method of biological assay of cortical 
hormones based upon the performance of work by adrenalectomized 
rats. 

Fraenkel-Conrat, Simpson & Evans (22, 91) have shown that 
adrenalectomy causes a marked decrease of the arginase activity of rat 
livers. Administration of those adrenal cortical principles containing 
an oxygen at C,, has been found to produce an increase of arginase in 
the liver in normal, hypophysectomized, and adrenalectomized animals. 
Fraenkel-Conrat (92) found desoxycorticosterone acetate to be bene- 
ficial to adrenalectomized rats upon oral administration; i.e., mixed 
with food and/or drinking water. Dosages of 0.09 to 0.33 mg. daily 
favored survival and growth in such rats on a salt-free diet. Griffiths 
(93) claims that the anti-insulin effect of cortical extracts is manifested 
only when the insulin is administered by subcutaneous injection, and 
that there is no antagonistic effect of cortical extract on intravenously 
injected insulin. Griffiths expressed the belief that the cortical hor- 
mones inhibit the rate of absorption of insulin from the subcutaneous 
tissues. This explanation is in disagreement with the one presented 
by Jensen and collaborators (94) that the anti-insulin effect of certain 
adrenal cortical principles is due to the ability of these substances to 
increase the amount of liver glycogen. One possible explanation for 
the finding of Griffiths is that intravenously injected insulin, by virtue 
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of its more rapid action, is the equivalent of a larger subcutaneous 
dose. Concerning the present status of our knowledge of the physi- 
ology of the adrenal cortex the reader is referred to a recent compre- 
hensive review by Ingle (95). 

The excretion of cortical hormones having an oxygen at C,, and 
an a,8 unsaturated ketone in ring A is indicated by the recent demon- 
stration of different investigators that extracts of urine cause the depo- 
sition of liver glycogen in addition to maintaining the life of adrenalec- 
tomized rats (96, 97). Hoffman, Kazmin & Browne (98) found that 
desoxycorticosterone when administered to rabbits is excreted as preg- 
nanediol glucuronide. 


PARATHYROID 


Evidence has been presented by Carnes, Osebold & Stoerk (99) 
that the function of the parathyroid glands is unimpaired in the young 
mature male rat deprived of its hypophysis. The hypophysectomized 
animal maintained its serum calcium and inorganic phosphate concen- 
tration within normal limits. In contrast, the hypophysectomized- 
parathyroidectomized animal under the same conditions suffered a 
profound fall in serum calcium and rise in serum phosphate, quite like 
the parathyroidectomized control. These results cast a serious doubt 
on the existence of a direct physiological regulation of the parathyroid 
gland by the hypophysis. 

Ross & Wood (100) obtained parathyroid preparations, assaying 
250 to 350 U.S.P. units per mg. of nitrogen, by fractional precipitation 
with ammonium sulfate at pH 6.0, and by adsorption on benzoic acid. 
Pepsin completely inactivated the principle at pH 4.1. Acetylation of 
the parathyroid hormone with ketene is accompanied by complete bio- 
logical inactivation (101). 

In vitro studies on the influence of parathyroid hormone on kidney 
phosphatase indicate that activation occurs ; however, the effect is not 
specific since egg albumin and serum albumin were found to produce 
a similar response (102). Apparently the hormone of the parathyroid 
does not act on the bones through the intermediary of the kidney 
(103, 104), and the serum calcium elevating activity of the parathyroid 
hormone is also independent of the kidney (105). 


HORMONES OF THE GASTROINTESTINAL TRACT 


This section deals with recent contributions to the chemical studies 
of substances extracted from the various sections of the alimentary 
canal. 
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Gastrin——The question whether gastrin, the principle present in 
extracts of the pyloric mucosa and causing the gastric gland to secrete, 
is truly a hormone and whether it is or is not histamine, has been re- 
cently reviewed by Ivy (106). The production of histamine-free ex- 
tracts of pyloric mucosa has been reported by Komarov (107, 108, 
109). These extracts were found not to depress the blood pressure 
and to contain two active principles, separable by fractional precipi- 
tation, one of which stimulates the gastric glands and the other the 
external secretion of the pancreas. The secretin fraction of the extracts 
appeared to be closely similar to that obtained from the duodenal 
mucosa. The extracts were reported to be free of histamine and 
choline, and the active principle to be of protein-like nature. 

Secretin—Apparently no new progress has been made in recent 
years on the chemical structure of secretin. Comparative biological 
assays of crystalline secretin picrolonates, obtained in different labora- 
tories, with a single reference standard have been carried out by Green- 
gard & Stein (110). Incubation of secretin with blood serum destroys 
the activity of the principle; this is probably due to the presence in 
blood of an enzyme termed “secretinase” (111). 

Pancreozymin.—Harper & Raper (112) prepared from the small 
intestine of the pig, dog, and cat a substance which on intravenous in- 
jection into cats causes an increased secretion of enzymes by the pan- 
creas but has no effect on the volume of juice secreted; they named 
this substance “pancreozymin.” The authors suggest that there may 
be a dual nervous and hormonal control of the secretion of enzymes 
by the pancreas and that pancreozymin is the hormone responsible 
for the latter. 

Cholecystokinin.—A rapid and sensitive frog assay method has 
been worked out by Seager (113). The author also described briefly 
a modification of the method of Greengard & Ivy (114) for the prepa- 
ration of cholecystokinin. Incubation of cholecystokinin with blood 
serum inactivates the hormone. The enzyme involved may or may not 
be secretinase (115). 

Enterogastrone.—This principle, which inhibits gastric secretion, 
has been obtained in purified form from concentrates of the upper in- 
testinal mucosa (116). Ivy and his associates (117, 118) have reported 
that administration of enterogastrone will prevent the development of 
gastrojejunal ulcer in the Mann-Williamson dog in 80 per cent of the 
cases. 


Enterocrinin.—A method for assaying enterocrinin, the hormone 
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which stimulates the secretory glands of the intestines, has been de- 
scribed by Fink & Nasset (119). A detailed procedure for obtaining 
highly potent preparations of enterocrinin from the intestines has been 
described by Fink (120). 

Urogastrone.—In the past few years evidence has been obtained 
for the existence of a substance in the urine which is probably an 
excretory product of enterogastrone, which has been named uro- 
gastrone, and which possesses a similar biological activity to that of 
enterogastrone. Methods for the preparation of extracts containing 
urogastrone from normal urine have been described. From its chemi- 
cal behavior the active agent appears to be a complex organic base 
(121). The active principle has been shown to be distinct from pitui- 
trin (122) and to possess characteristics which differentiate it from 
enterogastrone (123). Scott, Moe & Brunschwig (124) have pre- 
sented evidence that the gastric secretory depressant factor is not 
identical with urogastrone. 


THYMUS 


Whether the thymus is an endocrine organ is still undetermined. 
Reinhardt (125) reported that thymectomy by surgical methods has 
no apparent effect on the growth and development of the rat when 


performed at the age of one to two days and the effects studied past 
the onset of puberty. No evidence that the thymus or thymus extracts 
(thymocresin) exert an accelerating effect on growth and development 
of animals has as yet been obtained (126, 127, 128). The claim of 
Bomskow and his associates of the presence of a physiologically active, 
lipoid solvent soluble substance in thymus tissue has not been substan- 
tiated by other investigators (129 to 132). 


PINEAL 


Fischer (133) described the preparation of a pineal gland fraction 
which inhibits the opening of the vaginal membrane in infantile female 
mice. 


ANTIHORMONES 


Many basic facts have yet to be established as to the specificity of 
the antihormones and to the antigenicity of hormones. The question 
whether chemically pure protein hormones are antigenic and the nature 
of the interaction between hormone and antihormone still has to be 
answered. Only the more recent literature on this subject will be dis- 
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cussed in this section. Several comprehensive reviews on antihor- 
mones have been published within the last three years (134 to 137). 

Antigonadotrophic.— Katzman, Wade & Doisy (138) reported 
that the sera of sheep treated with sheep pituitary extract for as long 
as 262 days did not show antigonadotrophic activity. On the contrary, 
they continue to possess enhancing action on the gonadotrophic ac- 
tivity of this pituitary extract in immature female rats. The active 
factor of these sera also augments the action of rat pituitary extract but 
not that of pig and beef pituitaries or the urine of pregnant and cas- 
trated women. When administered alone, it produces no apparent 
effect on the reproductive tracts of virgin female rabbits and immature 
or mature female rats. Rowlands & Williams (139) found the progo- 
nadotrophic activity appearing in the serum of a goat injected with an 
extract of pig pituitary gland to be present in the globulin fraction. 
This globulin fraction, while augmenting the gonadotrophic activity 
of the same pig pituitary extract in intact rats, showed no progonado- 
trophic activity in hypophysectomized rats. Thompson & Melnick (140) 
observed that the inhibitory principle to human pituitary gonadotrophic 
hormone was contained in the gamma globulin fraction of goat anti- 
serum. The gonadotrophic potency of the hypophyses of immature 
and adult female rats treated for sixty-three and fifty-four days, re- 
spectively, with antigonadotrophic serum was found by Meyer, Kup- 
perman & Finerty (141) to be like that of castrated rats and greatly 
exceeded the gonad-stimulating power of the pituitary glands of nor- 
mal rats. The gonads of the animals treated with antihormone were 
less than half the weight of those of the normal control females. The 
gonads of the adult female rats killed nineteen days after cessation of 
antihormone injection had entirely recovered from the atrophic state 
found immediately after discontinuing the antigonadotrophic treat- 
ment. The gonadotrophic content of the pituitary gland of these ani- 
mals was the same as that of normal control rats. McShan, Wolfe & 
Meyer (142) reported that antigonadotrophic sera developed in rab- 
bits and goats are more effective in preventing the gonad-stimulating 
action of relatively unpurified extracts prepared from sheep, hog, and 
cow pituitary glands when they and the gonadotrophin are injected 
separately into immature rats, than when mixed in vitro before in- 
jection. With the removal of much of the inert material from sheep 
pituitary extract it was found that combined injections of gonado- 
trophin and antigonadotrophic sera were as effective as when ad- 
ministered by separate injections. Marvin & Meyer (143) substanti- 
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ated the observations of Thompson (144) that the injection of pitui- 
tary gonadotrophic preparations results in the formation first, of a 
substance which augments the gonadotrophic action, and then of a 
substance which inhibits the effect of the gonadotrophin. 

Kupperman, Meyer & McShan (145) observed that the injection 
of a purified follicle-stimulating hormone preparation produced an 
antiserum in rabbits. This antiserum showed no antiluteinizing effect 
but had a marked antifollicle-stimulating response. A crude pituitary 
extract injected into rabbits produced an antiserum which inactivated 
both luteinizing and follicle-stimulating hormones. Chow (146) pre- 
pared an antiserum by injecting a highly purified swine-luteinizing 
hormone preparation and found that precipitation will occur only with 
swine-luteinizing hormone preparation; sheep and_beef-luteinizing 
hormone preparation failed to react. De Fremery & Scheygrond (147) 
observed the formation of antichorionic gonadotrophic activity in the 
blood and milk of goats which had been treated every other day for 
several months with 1,000 I.U. of a gonadotrophic extract from human 
pregnancy urine. Experiments of Zondek, Sulman & Sklow (148) 
show that chorionic gonadotrophic antiserum is 100 per cent effective 
against male and menopause urine gonadotrophin, but only 7 per cent 
effective against human hypophyseal gonadotrophin. 

The injection of gonadotrophic preparations of equine origin elicits 
the production of antigonadotrophic activity in man (149, 150). Van 
den Ende (151) has shown that highly purified pregnant mare serum 
gonadotrophin in rabbits stimulates the formation of antibodies that 
may be precipitated by the antigen, and which induce an anaphylactic 
reaction in vitro. The precipitins in this case were found to be directed 
against constituents not related to the hormone. Gordon (152) re- 
ported that the more purified pregnant mare serum preparations evoke, 
in both rabbits and rats, a greater antihormone response than cruder 
samples. On the other hand Leathem & Abarbanel (153) found that 
increased purification of the equine gonadotrophin will markedly lower 
the tendency for the formation of antigonadotrophins in the human. 

Antilactogenic.—Bischoff & Lyons (154) found mammotrophic 
preparations made from beef or sheep pituitaries to be antigenically 
indistinguishable. The crop-stimulating effect of beef and sheep mam- 
motrophin was neutralized by injecting the pigeons with a sufficiently 
high dosage of antimammotrophic serum prepared in rabbits against 
either beef or sheep mammotrophin. 

Antithyrotrophic.—V arious investigators (155, 156) demonstrated 





pitui- 
of a 
of a 


ection 
od an 
effect 
uitary 
ivated 
) pre- 
nizing 
y with 
nizing 
(147) 
in the 
ay for 
human 
(148) 
fective 
er cent 


elicits 
). Van 

serum 
es that 
rylactic 
lirected 
52) re- 
; evoke, 
cruder 
nd that 
y lower 
human. 
trophic 
enically 
p mam- 
ficiently 
against 


nstrated 





HORMONES 361 


that administration of mammalian thyroglobulin stimulates the forma- 
tion of physiologically active antihormones. Lerman (156) reported 
that in rabbit serum the antibodies to thyroglobulin are “organ specific” 
rather than “species specific.” Reforzo-Membrivis (157) found that 
intraperitoneal injection into normal guinea pigs of a suspension of 
hypophyses of normal rats fed the usual diet produced the following 
deviations from normal : (a) a 35 per cent increase in the weight of the 
thyroid, which presented the typical histological picture of hyperfunc- 
tion, (b) a 28 per cent increase in the oxidation index of the thyroid tis- 
sue, and (c) a9 to 25 per cent increase in basal metabolism. Injection of 
hypophyses of normal or thyroidectomized rats fed desiccated thyroid 
produced : (a) a 26 per cent reduction in the weight of the thyroid and 
a 26 per cent decrease in the height of the thyroid epithelium, (b) a 
26 to 48 per cent decrease in basal metabolism, and (c) a 23 per cent 
decrease of the oxidation index of the thyroid tissue. These results 
indicate that the hypophyses of rats fed thyroid develop a thyroid- 
inhibiting action which causes a decrease in the basal metabolism. The 
antithyroid effect may perhaps be due to the formation of paraxanthine 
(66). 

Metabolism.—Ennor & Singer (158) found that the serum of a 
rabbit treated with an anterior pituitary extract abolishes the gly- 
cosuria in partially depancreatized rats and inhibits the diabetogenic 
action of pituitary extracts in the same animals. Such a preparation 
may perhaps be useful in the treatment of diabetes mellitus. 

Insulin——Lowell (159) has presented evidence for the existence 
of two antibodies for crystalline insulin in the serum of a patient who 
was both allergic and resistant to crystalline insulin. 
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THE WATER-SOLUBLE VITAMINS 


By Joun C. KERESZTESY 


Research Laboratories, Merck & Co., Inc. 
Rahway, New Jersey 


INTRODUCTION 


In preparing a review of the developments of a year in a field as 
active as that of the water-soluble vitamins, one is confronted by an 
overwhelming literature representing the efforts of thousands of 
investigators from many laboratories. Unfortunately, some re- 
searches which might significantly add to our knowledge of this sub- 
ject will probably not be discussed due to the unavailability of certain 
publications or to the oversight of the reviewer. 

The discussion of the term vitamin, presented in the reviews of 
the previous years, will be omitted, since the year 1943 has not pro- 
duced scientific developments to further clarify the present definition. 
However, those who have actively followed and participated in this 
field might approve the suggestion that before giving the name of a new 
vitamin to a substance believed to be present in crude fractions, its prop- 
erties, both chemical and physiological, should be amply characterized. 

The recognition of the occurrence of several active forms of some 
of the vitamins, for example, biotin, appears to have produced a 
need for a terminology which would indicate the relationship of these 
biologically active substances. The term “vitamer” has been sug- 
gested for this purpose (1). An objection has been made to this 
term based on the view that the wrong part of the word vitamin was 
used in the forming of vitamer. The terms isotel and isotelic were 
offered in its place (2). However, before accepting this terminology, 
it should be remembered that thus far very few substances except 
simple derivatives have been found among the water-soluble vitamins 
which serve the same purposes under all biological conditions. It is 
more often the case that one substance is able to replace another in 
specific biological reactions. 


THIAMIN 


Assay methods and their application—Even though the deter- 
mination of this vitamin has received much attention in the past, 
certain modifications and improvements were reported this year. In 
a study in which the various animal (3 to 6) and chemical (7, 8) 
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assay methods were compared, the authors felt that the choice of any 
of the methods for a particular sample should be influenced by the 
potency of the material, the rapidity with which results are desired, 
and the sensitivity needed (9). 

As the result of comparative tests conducted on an extensive 
scale, both a thiochrome (10) and an azo (11) method were found 
to be reliable for routine analyses of flour. Using the thiochrome 
method, the thiamin content of breads prepared from 80 per cent 
and 70 per cent extraction flour was investigated. The bread pre- 
pared from the former had twice as much thiamin as the latter (12). 
A rapid extraction method was applied to the estimation of thiamin 
in flour with the thiochrome value determined with a simple visual 
instrument. The results were found to be satisfactory (13). A pro- 
cedure with this method was devised for determining the thiamin con- 
tent in 5 cc. samples of oxalated whole blood, with results averaging 
5.70 wg. per 100 cc. for normal human subjects, which agreed in gen- 
eral with those found by other methods (14). As a result of some 
modifications of the thiochrome assay (15), closer agreement with the 
bioassay values was obtained (16). In studying the stability of thio- 
chrome in alkaline ferricyanide, hematin was found to catalyze its 
oxidative destruction (17). The thiochrome assay procedure has 
been applied to the determination of the thiamin content of wheat 
germ (18) and of various rice products (19). 

A microbiological assay procedure, using as test organism Strepto- 
coccus salivarius, was described. Cocarboxylase was found to be 
about 40 per cent more active than the equivalent amount of thiamin 
by this method. However, the fact that the degradation products, the 
pyrimidine and thiazole portions, gave no response affords this method 
an advantage over other microbiological assay procedures for this vita- 
min (20). 

The Phycomyces method of assay was applied to the determina- 
tion of the distribution of thiamin in the potato plant (21) and in lake 
waters (22). 

That pork muscle contains large quantities of thiamin is well 
recognized. However, when the intake of thiamin per pound of feed 
for pigs was raised from 1,318 to 3,447 ug., the thiamin content of 
the pork muscle was increased 100 per cent. The saturation point 
was reached with a ration containing approximately 5,800 ug. per 
pound. The pig is able by some unknown mechanism to accumulate 
unusually large amounts of thiamin in its tissues (23). 
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The effects of pH and the presence of electrolytes (24) and organic 
materials (25) on the stability of thiamin in solution were studied. 
It appeared that under the test conditions, the presence of certain salts, 
such as phosphates, increased the stability of the vitamin while the 
presence of some other salts, such as borates, had the opposite effect 
(24). 

Enzymatic inactivation of thiamin.—The original suggestion (26) 
that the substance in fresh fish which destroys thiamin is an enzyme 
was confirmed by further investigations into the nature of this de- 
struction. By treatment with acetone, a dry stable preparation was 
obtained (27). Various species of fish were analyzed for their con- 
tent of this destructive enzyme. It appeared that all thirty-one varie- 
ties of fresh-water fish contained this active substance while all nine 
species of salt-water fish contained none. It was possible to prove 
that the tissues of living carp contained thiamin by prompt heat in- 
activation after sacrificing (28). In contrast to this observation was 
the finding that carp blood did not contain any demonstrable amounts 
of thiamin, and there were sufficient amounts of the enzyme present 
in the blood to destroy additional quantities of thiamin (29). 

The nature of the enzymatic process which inactivates thiamin has 
been further characterized, and the products of the reaction have been 
identified. By the isolation of the two products 2-methyl-4-amino- 
5-hydroxymethylpyrimidine and 4-methyl-5-hydroxyethylthiazole 
from the reaction mixture, the reaction was demonstrated as one of 
hydrolysis. The complex nature of the process was shown by the 
different behavior of carp tissue and sodium chloride extracts of 
such tissue. The first stage involved the liberation of the thiazole 
moiety, which was effectively accomplished by either the tissue or 
extract. However, the liberation of the pyrimidine moiety, while 
proceeding rapidly with tissue, was found to proceed much more 
slowly with the salt extract of the tissue. It was observed with ex- 
tracts that, whereas the thiazole portion of the thiamin molecule had 
been readily liberated, the pyrimidine portion was bound in the form 
of an intermediate. This was further acted upon by the tissue or more 
slowly by the extracts, which were found to contain varying amounts 
of this activity. On dialysis of the sodium chloride extract, only slight 
thiamin-destroying properties were found in either the dialyzable or 
non-dialyzable fractions. Restoration to full activity was obtained by 
the recombination of these two fractions (30). 

The presence of some heat stable factor was believed to be re- 
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sponsible for the destruction of thiamin in cows’ milk when incubated 
at 37°C. (31). 

Pyrithiamin.—The name pyrithiamin (32) has been applied to 
the pyridine analogue of thiamin, 2-methyl-4-amino-5-pyrimidyl- 
methyl-(2-methyl-3-hydroxyethyl)-pyridinium bromide, first prepared 
in 1941 (33) and found to inhibit the growth of fungi (34). This com- 
pound was shown to have potent antithiamin activity. When it was 
administered to mice, a species which does not show the usual char- 
acteristic signs of thiamin deficiency (35), many of these signs were 
seen in all of the animals. It was found possible to prevent or cure this 
disease produced by the feeding of pyrithiamin by giving thiamin in 
an amount indicated by the ratio of one molecule of thiamin to forty 
molecules of the pyrithiamin fed (32). Thus we have an example of 
an analogue of a vitamin producing a deficiency condition in animals 
which is reversed by the vitamin. By using this compound as a tool, 
our knowledge of uncomplicated thiamin deficiency will be greatly 
enhanced. 

Pyrithiamin was shown to bear the same relationship to thiamin 
as sulfapyridine does to p-aminobenzoic acid. The inhibitor-growth 
factor ratios were found to be comparable. However, it is quite prob- 
able that pyrithiamin would be of little value as a chemotherapeutic 
agent since it was observed that non-toxic levels of this compound 
were not antibacterial in the blood of mice (36). 

Human requirements.—The problem of establishing the minimal 
daily requirements of man has been further studied. With subjects 
on various levels of thiamin in a ten to twelve weeks’ period, it was 
found that on an intake of 0.23 mg. per one thousand calories (on 
a three thousand-calorie ration) performance was as good as with an 
intake of 0.63 mg. per one thousand calories (37). However, the 
excretion values at this low level did not reach equilibrium until the 
fifth week, indicating the utilization of the vitamin stored as a result 
of large intake in the pre-experimental period. Unfortunately, due 
to the lack of negative control values on the performance tests, it is 
impossible to be certain that these tests would be affected by deficiency 
of the vitamin except of course in the condition of clinically recog- 
nizable deficiency. 

In another study in which the effect of restricting the average daily 
intake to a total of 0.35 mg. (0.175 mg. per one thousand calories) was 
investigated over a period of 120 days, symptoms and signs of thiamin 
deficiency were observed as early as the thirtieth day. These signs 
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and symptoms progressed from decreased excretion of the vitamin 
followed by anorexia and weakness to definite polyneuropathy at about 
the 110th day. The progression of the deficiency was accompanied by 
higher blood pyruvic acid curves after the administration of glucose 
(38, 39). 

Using as a criterion the absence of any thiamin in urine voided 
under specific fasting conditions, an average intake of 0.47 mg. a day 
was found to satisfy these minimal requirements. It was claimed that 
the presence of any vitamin in the urine collected under the test 
conditions indicated a surplus in the body, and that, therefore, no 
deficiency of the vitamin could exist under these circumstances. In 
subjects maintained at this level of vitamin intake, 0.47 mg. a day for 
four months, no clinical evidence of thiamin deficiency was observed 
(40). Further confirmation of this method of determining the level 
of thiamin nutrition is necessary before proper evaluation of the sig- 
nificance of this work is possible. Details of the assay method used 
for the determination of these very small quantities of thiamin have 
not been published as yet. 

The possible effect of intestinal synthesis on dietary thiamin re- 
quirements has been discussed under the subject of the sulfonamides 
(41). 

Miscellaneous observations—The method of needle biopsy of 
muscle tissue (42) has been applied to the study of the thiamin con- 
tent of human tissues. By use of this procedure, it was found that 
the content in muscle was higher in infants than in adults, whereas 
concentrations of thiamin in cerebral tissue increased with age (43). 
The effect of thiamin on basal metabolism has been studied (44). The 
metabolic rate in normal subjects was found to be increased to a 
much lesser degree when the thiamin intake was restricted during the 
thyroid hormone administration (45). Thyrotoxic subjects were ob- 
served to have lowered levels of blood thiamin and diphosphothiamin. 
A tendency of such patients to excrete more thiamin than normal sub- 
jects was also noted (46). It may well be that products of nuclear disin- 
tegration and other substances which are formed as a result of irradia- 
tion with roentgen rays require thiamin in more than normal amounts 
for their metabolism. Administration of thiamin was reported to be 
effective in preventing the symptoms of roentgen sickness (47). 

Thiamin was reported to be slightly more effective than vitamin 
A and much more so than riboflavin in producing improvement of 
color vision (48). 
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When 20 mg. of thiamin were given by injection to two cows suf- 
fering from ketosis, there was some decrease in blood ketones and 
increase in blood sugar. While suggestive, the results were not con- 
clusive (49). Small doses of thiamin were reported to have proved 
of value in the treatment of many cases of hyperinsulinism recognized 
clinically as hypoglycemia (50, 51). In anesthetized dogs the re- 
sistance to shock induced by hemorrhage was found to be dependent 
on the plasma thiamin level. With the higher levels much more severe 
bleeding was required before severe hypotension developed (52). Ad- 
ditional claims for the activity of thiamin in “fright” disease in dogs 
were reported. The author states that the vitamin must be injected, fre- 
quently for several doses, to be effective (53). 

No beneficial effects were obtained by thiamin therapy in diabetic 
neuritis (54), advanced polyneuritis of pregnancy (55), or toxemia of 
pregnancy (56). Normal children and those having paralytic polio- 
myelitis showed no significant differences in excretion of thiamin (57). 
Thiamin deficiency did not increase the susceptibility of rats to Flex- 
ner’s M. V. poliomyelitis cotton rat-adapted strain (58). Thiamin in 
large doses had no significant synergistic effect on the laxative action 
of phenolphthalein in the monkey (59). The factors concerned in 
determining the thiamin content of breast milk were investigated. 
The effectiveness with which dietary thiamin could influence the 
thiamin content of the milk was found to vary among women (60). 
Psychic disturbances have been suggested to be among the earliest 
manifestations of thiamin deficiency in man (61). The diagnosis and 
treatment of thiamin deficiency have been reviewed (62). 


RIBOFLAVIN 


Microbiological and fluorimetric methods of assay were studied 
collaboratively (63) with comparable results for the two methods. 
Whole wheat’ flour, for example, was found to contain 1.15 ug. of 
riboflavin per gram by microbiological methods and 1.11 ug. per 
gram by fluorimetric methods. It was observed that certain pigments 
occurring in bread may interfere with the fluorimetric assay (63). 

Physiology—The role of the various portions of the intestinal 
tract (64) of the rat in the absorption and excretion of riboflavin was 
investigated. The results showed that following bilateral nephrectomy, 
riboflavin administered intravenously was rapidly excreted into the 
small intestine. Destruction of the vitamin occurred quickly in the 
large intestine. 
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In comparing the effect of inanition (65) and that of riboflavin 
deficiency on the blood picture of the rat, it appeared that the changes 
in the number and distribution of the leucocytes probably resulted 
from the inanition associated with this deficiency. 

The observation that the administration of thiamin (66) caused 
an increase in the riboflavin excretion, suggested the possibility that 
the extensive feeding of thiamin would produce riboflavin deficiency. 
However, even though large amounts of thiamin were given for as 
long as seventy-three days, no clinical or chemical signs of riboflavin 
deficiency were observed. 

Biological synthesis—The difference in the form in which corn 
was fed to steers (67) influenced the amounts of riboflavin synthesized 
in the rumen. Ground corn gave increased amounts above that ob- 
tained with whole corn. In general, however, the synthesis of ribo- 
flavin in the rumen was related to the carbohydrate in the ration. 

Clinical studies and animal experiments.—The total riboflavin and 
riboflavin adenine dinucleotide in ox ocular tissue (68) was found to be 
maximal in the lacrymal and meibomian glands, suggesting that the 
corneal epithelium may get some of its flavin from the eye secretions 
(68). Vascularization of the cornea and symptoms of eye fatigue were 
reported to be quite common in healthy young adults and were asso- 
ciated with inadequate intake of riboflavin. Administration of 9.9 mg. 
daily resulted in a progressive decrease in the vascularity (69). How- 
ever, not all cases of ariboflavinosis, as characterized by lesions of 
lips, tongue, or cornea, responded to riboflavin therapy (70). It may 
well be that the period of dosing in these cases was too short for the 
complete evaluation of the efficacy of the vitamin in the treatment of 
these signs. In some of the cases of so-called “rosacea keratitis” (71) 
there may be failure to obtain satisfactory responses with oral admin- 
istration, probably due to faulty absorption from the intestinal tract. 
In such instances, parenteral injection of 1 mg. doses was found effec- 
tive (71). Certain signs of deficiency, such as lesions of the mouth 
(72), should not be confused with those due to perléche, which may 
be caused by such conditions as dental defects and dribbling of saliva. 
These latter lesions, of course, will not respond to riboflavin therapy 
(72). 

Ariboflavinosis and mild symptoms of pellagra have been observed 
following gastric surgery (73). Riboflavin appeared to be of value 
in the treatment of decubital ulcerations (74). 

Addition of riboflavin to diets already containing adequate 











374 KERESZTESY 


amounts did not increase the growth rate of spontaneous tumors 
(75) in mice, as contrasted with the decrease of the growth rate on 
deficient diets. There was, however, an increase in the number of 
spontaneous tumors in the tumor-bearing animals fed the high level 
of riboflavin (75). 

In experiments with rats, the significance of a liberal level (76) 
of riboflavin, 10 ug. per gram of diet, over a level of 3 ug. per gram 
which supported adult vitality, was found in the more favorable growth 
and greater ability to withstand deprivation of the vitamin in the off- 
spring of the respective families (76). From the evidence obtained 
by studies with human subjects (77), an intake of 0.5 mg. per thou- 
sand calories was found to be sufficient for maintaining satisfactory 
tissue levels. 


Nicotinic AcID 


Assay methods and their application.—V arious improvements and 
modifications in both the colorimetric and microbiological methods used 
for the determination of nicotinic acid and its amide continue to ap- 
pear in the literature. A procedure by which colorless cereal extracts 
are prepared by adsorption and elution from Lloyds’ reagent has been 
devised (78). An increase in the specificity of the cyanogen bromide 
and aromatic amine test (Konig’s reaction) for nicotinic acid in blood 
samples was accomplished by the pretreatment of the blood sample 
with a specific enzymatic system of microbial origin (79). 

Some attention has been given to the problem of differentiating 
nicotinic acid from its amide in analytical procedures, a problem 
which chiefly concerns pharmaceutical chemists. By use of the time 
reaction, measurements of the color development by the Konig reac- 
tion gave results which were reproducible in the determination of 
nicotinic acid and nicotinamide in mixtures (80, 81). By convert- 
ing nicotinamide in mixtures to the biologically inert B-aminopyridine 
by treatment with bromine and potassium hydroxide (Hoffman's 
reaction), which does not affect nicotinic acid, the usual microbio- 
logical methods for nicotinic acid can be applied. Thus, the two bio- 
logically-active forms can be differentiated by assays before and after 
treatment (82). 

Improvements in the microbiological assay for nicotinic acid with 
the Lactobacillus arabinosus were made by use of a new medium 
which gave an enhanced response to nicotinic acid (83). A close 
agreement was found between the microbiological and chemical 
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methods (K6nig’s reaction) in the assay of various pharmaceutical 
B complex products (84). 

The production of a growth factor which will replace or substitute 
for nicotinamide for several strains of B. dysenteriae, Staphylococci, 
and L. arabinosus was accomplished by the heating at 100°C. of a 
neutral solution of glutamic acid and asparagine. The nature of the 
product is unknown (85). 

Biochemistry.—The fluorescent material, F, (86), which normally 
appears in human urine in small amounts and in larger amounts after 
the administration of nicotinic acid or its amide, has been now shown 
to be N’-methylnicotinamide (87). It was isolated in crystalline form 
from urine and compared and found identical with the synthetic 
compound (87). Since the usual method for the determination of 
trigonelline (88) would also include this compound, an assay method 
(89) was devised. By use of this method, it was found that when 
nicotinamide is incubated with rat liver slices, it is converted aerobi- 
cally to its N’-methyl derivative (90). This does not occur with nico- 
tinic acid. Kidney or muscle does not methylate nicotinamide in 
vitro. The liver is, therefore, the probable site for this biological 
methylation (90). 

A difference was shown between the lactose fermenting and non- 
lactose fermenting yeast in their ability to synthesize nicotinic acid. 
While the former required an external source of this vitamin, the 
latter was able to synthesize sufficient amounts for optimum growth 
(91). 

The influence of nicotinic acid and thiamin on the glucose metab- 
olism of Staphylococcus aureus was studied. It was observed that 
while the presence of nicotinic acid was essential, the effect of thiamin 
was to increase 2%4 fold the amount of glucose metabolized by its 
activity in catalyzing the oxidation of pyruvic acid (92). 

Animal requirements ——The requirement of the chick for nicotinic 
acid is only partly satisfied (about one-sixth) by its own synthesis 
(93). Chicks on a low nicotinic acid diet were reported as showing 
poor growth with dermatitis on the upper part of the feet and on the 
legs. Poor feathering was also observed (93). The minimal daily 
requirement of young growing swine (94) was found to be between 
5 and 10 mg. per hundred pounds of pig. 

Increasing the size of a single dose of nicotinic acid increased the 
period of protection from blacktongue in dogs, not proportionally, 
but logarithmically with the size of the dose (95). This indicates only 
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a definite limited storage of this vitamin in the dog, which is in agree- 
ment with the results obtained with rats (96). 

Corn as a factor in pellagra——That corn meal itself may be an 
etiological factor in pellagra was suggested by the observations made 
with dogs maintained on corn meal-containing Goldberger diets (97). 
Dehydration, lack of thirst, and hemoconcentration characteristic of 
both human pellagra and blacktongue produced with corn meal diets 
did not arise from simple nicotinic acid deficiency. Dogs on a purified 
ration in which the nicotinic acid content was very low did not show 
evidence of dehydration or lack of thirst (97) observed with corn meal- 
containing diets. 

Clinical and other observations—In a carefully controlled series 
of experiments with active young men, it was found that the efficiency 
with which a severe test requiring great physical exertion and coordi- 
nation was performed could be increased by the addition of nico- 
tinamide to their diet (98). 

The administration of nicotinic acid to diabetics resulted in im- 
proved carbohydrate tolerance (99). The use of nicotinamide in con- 
junction with the barbiturate-hyoscine method of obstetric analgesia 
was found advantageous: there was less restlessness in the mothers, 
and fewer than usual babies required resuscitation (100). What may 
have been considered an undesirable property of nicotinic acid in 
affecting the vascular system has found valuable application as an 
adjuvant in the treatment of asthma (101). It also has been found 
satisfactory for the relief of vasospasm (102). 

Pellagra has been reported to have developed among chronic 
psychotic (103) patients, probably resulting from habits of feeding, 
and Flexner’s dysentery (103). 

Adequate amounts of nicotinic acid and vitamin A were found to 
be essential factors in the control of calf scours (104). 


PYRIDOXINE 


Methods for the determination of pyridoxine still receive consider- 
able attention. An assay method using the growth of rats gave dose 
response curves which were linear in the range of from 1 to 8 yg. (105). 
This and other biological assay methods have suffered in the past from 
the same drawbacks, namely the possible influence of any unknown 
or unrecognized growth stimulatory factors which may exist in food- 
stuffs. However, since the knowledge of the vitamins has advanced 
considerably in recent years, we can now apply biological assays with 
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some certainty that the influence of unknown factors will not be 
serious. 

A method using a yeast strain which responds to pyridoxine (106), 
and another using an x-ray-induced mutant of the mold Neurospora 
sitophila have been described. Accuracy and specificity were indi- 
cated for the latter since the results were in good agreement with 
values obtained by animal assay (107). Using a modification (108) 
of the yeast assay (109) which was found to overcome some of the 
inadequacies of the original method, various biological materials were 
assayed for bound and free pyridoxine. By autoclaving the test prepa- 
ration, either as a suspension or a solution, for thirty minutes at fif- 
teen pounds pressure in 2 N sulfuric acid, bound pyridoxine was lib- 
erated in the free form which was then readily utilized by the growing 
yeast. It was observed that most of the naturally occurring pyridoxine 
is in the bound form (108). 

Modification of the colorimetric assay was effected chiefly through 
the changes in the preparation of the sample prior to the coupling with 
diazotized sulfanilic acid (110). 

Alanine was found to replace pyridoxine effectively for the growth 
of S. lactis indicating the possible synthesis of this vitamin from alanine. 
Structural relationships also show that this amino acid may be the bio- 
logical precursor of the vitamin (111). It was also shown that the x-ray 
mutant of N. sitophila, the organism used in the microbiological assay 
mentioned above, was able to synthesize pyridoxine under specific con- 
ditions of pH and nitrogen nutrition (112). 

The yellow compound present in the urine of pyridoxine-deficient 
rats (113) was isolated and identified as xanthurenic acid, 4,8-di- 
hydroxy-quinoline-2-carboxylic acid, and was shown to arise from 
the tryptophane in the diet. The administration of pyridoxine or the 
removal of tryptophane from the diet caused the disappearance of 
xanthurenic acid (114) from the urine offering further evidence for 
the correlation of pyridoxine with protein metabolism (115). 

Another synthesis of pyridoxine has been described (116). The 
original observation made in 1935 (117) that the vitamin is destroyed 
by light was confirmed by using physical, chemical, and microbiological 
methods of assay for measurement of the losses incurred at various 
pH values (118). Rapid destruction of pyridoxine by light was found 
to take place in neutral or alkaline solutions though there was very 
little loss at pH 1 (118). 

Pyridoxine deficiency signs in turkeys were described as loss of 
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appetite, poor growth, apathy, hyperexcitability when disturbed, 
and convulsions (119). This vitamin was also found necessary for 
egg production by pullets (120). The anemia, epileptiform con- 
vulsions, and fatty infiltration of the liver of swine resulting from 
the deficiency of this vitamin (121, 122) were further investigated 
(123). In mice, pyridoxine appeared to affect the rate of growth of 
Sarcoma 180 (124). Pyridoxine was found useful as an adjunct to 
other therapy in the treatment of seborrheic or seborrhoid eruptions 
in humans (125). 

The significance of pseudopyridoxine in the nutrition of rats (126) 
and some molds (127) has been questioned. It appears that this 
substance did not have the enhanced activity which has been found 
for it with lactic acid organisms, such as S. lactis (126, 128). How- 
ever, in neither of these reports was sufficient experimental evidence 
given to justify the statement “that the physiological activity is 
limited to the lactic acid bacteria” (126). 

Since pyridoxine has been shown to be essential for the synthesis 
of hemoglobin by certain species, its possible relationship to another 
iron-porphyrin complex, catalase, was investigated. It was shown 
that deficiency of pyridoxine did not significantly affect the catalase 
activity of the liver, kidney, and heart tissue of rats (129). 


PANTOTHENIC AcID 


Assay methods—tThe difficulties of reproducing by microbial 
methods the pantothenic acid values found by the chick assay have not 
as yet been overcome. Modifications of the basal medium for the test 
organism, L. casei, have been reported. Changes in the method of 
preparation of the samples were also tried (130). The presence of a 
combined form of pantothenic acid (131) in liver may account for 
part or all of the disagreement between the two assay methods. This 
combined form, which is stable to alkaline hydrolysis, is utilized by 
the chick but not by the test microorganism, L. casei. Enzymatic 
treatment converts it to the alkali labile form which is then available 
as pantothenic acid to the test organism (131). How the labile linkage 
between the lactone and f-alanine moieties in the pantothenic acid 
molecule in the combined form is protected from the hydrolytic action 
of alkali awaits further elucidation. In another report the presence of 
two forms of pantothenic acid in blood was indicated, one free, the 
other combined with protein (132). 
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Other improvements in the assay medium such as increasing the 
carbohydrate and nitrogen source, asparagine, were suggested and 
greater growth with certain preparations resulted, indicating the pos- 
sible presence of stimulating factors (133). However, other workers 
suggested that the high titration values thus obtained were explain- 
able on the basis that these extracts contained appreciable carbohydrate 
and substances capable of acting as buffers. They were able to demon- 
strate that the simple addition of glucose and sodium acetate would 
also give rise to higher acid production (134). 

By the use of the changes in optical rotation, the rate of destruc- 
tion of calcium pantothenate by hydrolysis was studied (135). The 
rate of hydrolysis while not only a function of temperature and pH 
is also affected by the presence of other substances (135). 

A method for the assay of B-alanine using the growth of diph- 
theria bacilli has been developed (136). By this method, various tis- 
sues and proteins were investigated and the presence of B-alanine was 
revealed in such materials (137) which had previously been reported 
as not containing this compound (138). 

Effect of compounds related to pantothenic acid.—The production 
of signs similar to those of pantothenic acid deficiency was obtained by 
dosing mice with pantoyltaurine (139). The correction of this condi- 
tion by the administration of additional quantities of pantothenic acid 
was not reported. However, another report has appeared in which 
this compound, pantoyltaurine, also called thiopanate, was tested ex- 
haustively without any pantothenic acid deficiency being observed in 
the test mice (140), which observation thus brings into question the 
significance of the previous communication. The inefficacy of pantoyl- 
taurine in producing pantothenic acid deficiency was confirmed in 
studies with rats (141). 

a-Methyl pantothenic acid was prepared by the condensation of 
a-methyl-f-alanine with the pantothenic acid lactone moiety. Its 
growth stimulating and inhibiting properties were investigated (142). 
However, the compound was quite impure as indicated by its elemen- 
tary analysis so that no definite activity can with certainty be ascribed 
to this compound from the report. 

Miscellaneous observations——The requirements of hens in order 
to maintain maximum reproduction on a heated ration was found to 
be from 1,200 to 1,700 ug. of pantothenic acid per 100 gm. of ration. A 
diet containing only 200 ug. of pantothenic acid per 100 gm. of heated 
ration was, however, satisfactory for weight maintenance and liva- 
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bility (143). The influence of other heat labile factors destroyed in 
the preparation of this ration is difficult to determine. 

Confirmation of the previously postulated role of pantothenate 
(144) in the oxidation system of pyruvic acid in washed suspensions 
of Proteus morgantt was obtained by another worker (145). Thus, 
we have the addition of another vitamin as a component of pyruvate 
oxidase. 

Excess pantothenic acid did not affect the rate of intestinal absorp- 
tion of galactose. However, in deficient rats the rate was reduced 
about 15 per cent below that of the controls (146). 

Some increase, about 24 per cent, in the average size of litters of 
mice and rats was found to result from the supplementation of a stock 
ration with substantial quantities of pantothenic acid (147). No influ- 
ence on the rate of tumor growth was observed in deficient mice (124), 

The effect of the deficiency of this vitamin on hair pigmentation 
has received much attention. In a study of black rats on a deficient 
diet, the loss of color could be accounted for by the atrophy of the 
hair bulbs and follicles and cessation of melanin deposition (148). 
The administration of calcium pantothenate has been found to pro- 
duce no significant change in the graying of human subjects (74, 149). 


CHOLINE 


An improvement in the method for the colorimetric determination 
of choline was achieved by a development of the usual reineckate pro- 
cedure, making use of the colorimetric measurement of the chromium 
in the precipitated reineckate. With this modification as little as 15 pg. 
could be determined in samples (150). 

The choline content of various products and feeds has been investi- 
gated. In general, animal products were found to be among the best 
sources (151, 152). 

The requirement of turkey poults for the prevention of perosis 
due to choline deficiency was between the levels of 0.18 and 0.25 per 
cent of the ration (153). Other factors were found to influence the 
incidence of perosis (154). Preliminary observations were made 
which showed that there were differences in the choline requirement 
of different strains of rats (155). 

Thiamin fatty livers were found to respond to choline, while this 
vitamin was found to be only partially lipotropic for cholesterol fatty 
livers and only slightly for biotin fatty livers (156). By making use 
of the experimental procedure which would allow the liver of a rat to 
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grow while the rat itself was losing weight as a result of partial hepa- 
tectomy and the feeding of large quantities of nicotinamide, it was 
found that neither choline deficiency nor a mixed thiamin-choline 
deficiency prevented the rapid regeneration of the liver. From the 
result of these experiments, it was felt that fatty livers of choline 
deficiency would only develop when the diet deficient in choline al- 
lowed moderate growth in young rats (157). The repression of 
growth effected by mineral deficiency had the same effect as that of 
the vitamins in preventing fatty livers in choline deficiency (158). 

The lipotropic effect of inositol in the presence of other members 
of the B complex was found to be less than that produced by feeding 
both inositol and choline (159). In human patients with cancer of the 
gastrointestinal tract, inositol appeared to account for the lipotropic 
properties of lipocaic (160). 


INOSITOL 


The phospholipid containing inositol (161, 162) has been isolated 
(163) from soy bean phosphatides. The method used was described 
(163). By analysis, this compound was found to contain 16 per cent 
inositol, 15.5 per cent galactose, 8.3 per cent d-tartaric acid, 23.6 per 
cent fatty acid as oleic, an equivalent amount of unsaturated fatty acids, 
phosphoric acid, and ethanolamine. The name lipositol has been pro- 
posed for this compound (163). 

Inositol has been reported as having possible value in the treat- 
ment of some skin diseases (74). Oral administration of one or two 
grams had no apparent ill effect (74). Patients with psoriasis have 
been treated with wheat germ or soy bean lecithin with some benefit 
(164). 

The inhibition of tumor growth in mice transplanted with Sarcoma 
180 was effected by the intravenous injection of inositol (165). The 
degree of inhibition was found to be dependent on the size of the dose 
injected. 


BIOTIN 


Chemistry.—The developments in the chemistry and biochemistry 
of biotin covering the period just previous to that to be discussed here 
have been thoroughly summarized and reviewed (166). The interest- 
ing chemistry which led to the elucidation of the chemical structure of 
2’ keto-3,4-imidazolido-2-tetrahydrothiophenevaleric acid (167) is de- 
scribed (166). This chemical structure was demonstrated to be correct 
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by its synthesis (168). The comparison of the physical, biological, and 
microbiological properties proved that the synthetic product was 
identical with that isolated from natural sources (168). 

Biologically active forms of biotin—The biotin activity as meas- 
ured by yeast growth (169) was determined for desthiobiotin, the 
product obtained by the action of Raney nickel on biotin (167). With 
this assay method, this non-sulfur-containing compound gave the 
same stimulation as biotin on a weight basis (170). On the other 
hand, it was found inactive for L. casei. It was also combinable with 
avidin (170), a property which has been attributed to the presence of 
the intact urea grouping (171). It will be of interest to learn whether 
the yeast in utilizing this degradation product reverses the action of 
the Raney nickel and reintroduces the sulfur atom into the molecule. 

By use of several of the properties of biotin, such as its formation 
of a stable product with avidin and the stimulation of either yeast or 
Rhizobium growth, the existence of various biotin-like substances 
(vitamers) was indicated (1). Miotin, the heat-labile avidin-uncom- 
binable fraction in urine while effectively replacing biotin as a growth 
factor for yeast, is inactive for Rhizobium, another biotin-requiring 
organism. The residual heat-stable avidin-uncombinable fraction re- 
sulting from the autoclaving of miotin was assigned the name tiotin. 
Another, a third form of biotin, which replaces biotin as a growth 
factor for Rhizobium, but is not active for yeast, was assigned the 
name rhiotin. It was avidin-combinable and stable to autoclaving. 
From chemical studies, not reported, it was claimed that these three 
substances are closely related chemically to biotin (1). 

A study was made of the carbon dioxide pressures required for the 
growth of yeast with biotin and also the diamino carboxylic acid 
degradation product resulting from the removal of the carbon 
monoxide group of the urea ring of biotin (1). It was observed that 
with the latter a higher carbon dioxide pressure was required for 
growth, indicating its conversion to biotin by the growing yeast (1). 
When yeast is grown with an avidin-uncombinable form of biotin, 
such as tiotin, this form is converted into the avidin-combinable form. 
It was suggested that the alternation between the avidin-combinable 
and avidin-uncombinable forms may act in a system for the transfer 
of carbon dioxide as coenzyme (1). While this is an interesting 
hypothesis, further experimental evidence is required for proper 
evaluation. 

Contrary to the reported inactivity of the methyl ester of biotin for 
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L. casei (172), it was found that this organism can utilize this deriva- 
tive of biotin, but at a somewhat slower rate (173). 

Some question has been raised as to whether the biotin crystals 
isolated from egg yolk and liver were identical. The former, a biotin, 
was reported to have a rotation of [a]p** = +51°, and the latter, 
6 biotin, [a] p** = +91° (174). However, both forms have the same 
empirical analysis, and approximately the same biological activity. 

Assay methods——An improvement in the medium used in the 
yeast assay for biotin was effected by the addition of amino acids in 
the form of biotin-free casein hydrolyzate (175). Factors producing 
nonspecific stimulation were thus eliminated. The range of greatest 
practicability of the test was reported to be from 1 x 10*4* to 
3 x 10-*#8 (175). 

The procedure of liberating biotin from samples of meat by auto- 
claving for two hours in 6 N sulfuric acid followed by assay with 
L. casei gave results which agreed with those already reported (176). 

Several improvements in the L. casei (172) assay for biotin were 
made by changes in the norite eluate supplement and the inoculum 
(177). 

Avidin-biotin—In studying the possible interrelationships be- 
tween bound biotin (AB, avidin-biotin) and biotin, it was found that 
while proteolytic enzymes of the body such as pepsin, trypsin, or pan- 
creatin, or even incubation with tissues such as liver, kidney, muscle, 
or blood, could not liberate biotin from AB, oxidative procedures such 
as treatment with 0.45 per cent hydrogen peroxide were effective. 
As much as 10 to 20 per cent of the bound biotin was liberated by 
this treatment in a yeast-active form. It is therefore likely that a pos- 
sible attack on AB in the body may be through some oxidation-reduc- 
tion process (178) which would explain the effectiveness of AB when 
administered parenterally to rats (179). 

From quantitative assays for avidin made on the various portions 
of the oviducts of laying and non-laying hens, it appears that the pro- 
duction of avidin is associated, either directly or indirectly, with the 
reproductive function of the ovary (180). The evidence that the ad- 
ministration of stilbestrol followed by progesterone induced the pro- 
duction of avidin in the oviducts of immature chicks and non-laying 
hens bears out this observation (181). 

The use of avidin to decrease the free biotin intake of two subjects 
with cancer was reported. It was believed that by the elimination of 
an essential factor from the diet, such as biotin, growth of malignant 
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tissue could be checked (182). This experiment seemed especially 
worth while in that several types of carcinoma have been reported to 
contain abnormally high concentrations of biotin (183). Even though 
large quantities of avidin in the form of egg white were fed, no clinical 
signs of biotin deficiency were observed. Neither was the clinical 
course of these patients affected (182). However, there is one com- 
ment that may be made here, namely, that in these cases the avidin 
was administered essentially separately from the rest of the diet 
whereas in rats in the usual methods used for the production of biotin 
deficiency, the avidin has been mixed with substantially the entire diet. 
The removal of biotin as AB may not occur as efficiently in the body 
as elsewhere. It is interesting to note that in a previous report on the 
production of biotin deficiency in man the avidin was incorporated 
into the diet (184). 

Biotin deficiency and disease.—Interesting possibilities for the role 
of biotin in certain infections were suggested by the observations that 
the period of infection with T. lewisi in biotin-deficient rats was 
longer than that in rats not deficient in biotin, and the administra- 
tion of biotin during the infection shortened the period in deficient 
rats (185). However, it may well be that this effect is not entirely 
specific for biotin deficiency, since the effect of other vitamin deficien- 
cies was not studied. Of especial current interest was the report that 
the level of biotin in chicks and ducks greatly influenced the severity 
of malarial infection (186). Among the biotin-deficient animals, the 
parasite number remained at a high level longer and there was a higher 
mortality than among the controls. An unusually high level of biotin 
in the plasma and red blood cells during the height of the infection, 
which returned to normal eight days after inoculation, may be related 
to the elimination of the parasites from the blood (186). Presumably 
this is another instance of a vitamin deficiency playing an important 
role in susceptibility to an infectious disease. 

Other experiments with biotin—In studies with the golden ham- 
ster, biotin was found necessary for good growth and reproduction 
(187). Although producing no growth stimulation in monkeys, biotin 
was found to be needed for maintaining the normal condition of the 
skin and coat of these animals (188). 

In studying the effects of biotin deficiency on the capacity of the 
motor nerve to elicit tension in its muscles, no impairment was found 
(189). The rates of regeneration following denervation were also not 
affected by biotin deficiency (189). 
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The role of biotin in rats fed sulfonamide-containing diets has been 
discussed in the section of this review dealing with the effect of the 
sulfonamides. 


Tue Norite Evuate Factor (“L. Casei” Factor), 
Foric Acip, VITAMIN Bc, AND 
THE “STREPTOCOCCUS LacTIs R” Factor 


The terms norite eluate factor (L. casei factor) and folic acid have 
been used interchangeably following the observation that concentrates 
of the norite eluate factor (L. casei factor) were effective for the test 
organism, Streptococcus lactis R, which is used for the measurement 
of folic acid. Folic acid concentrates were also found to be effective 
in the assay for the norite eluate factor using the test organism L. caset. 

The term vitamin B, was originally applied to the factor in ex- 
tracts of liver which was required by the chick for the prevention of 
an anemia of the hyperchromic macrocytic type when fed a purified 
diet (190, 191). The addition of sulfaguanidine to less purified diets 
was shown also to produce this anemia in chicks (192). 

Vitamin B, has now been obtained from liver in crystalline form 
both as the free acid and its methyl ester. It was obtained after re- 
peated recrystallizations in clusters of thin yellow spear-head shaped 
crystals which did not melt below 360° C. with darkening beginning 
at about 250° C. Elementary analysis gave the following composition : 
C, 50.50, 50.63; H, 4.78, 4.78; N, 19.91 (193). The isolated ma- 
terial was found to be acidic in nature, forming salts with bases and 
esters with alcohol. It was found to be insoluble in the common or- 
ganic solvents. While acids (pH 1) readily destroyed the activity of 
the compound, the destruction in alkali was much slower (192). The 
addition of 2.5 ug. per gram to the deficient diet resulted in normal 
growth with no anemia in chicks. It was also reported as highly active 
for L. casei, a concentration of 0.00005 ug. per cc. of medium produc- 
ing half maximal growth. Because of this activity for L. caset, it ap- 
peared that this factor, the norite eluate factor, and folic acid were 
the same (193). 

The isolation of two substances, highly active for L. casei from 
liver and yeast, was also reported (194). The product from liver had 
the same activity for L. casei, and the analysis of the methyl ester 
when calculated to the free acid form was the same as obtained with 
crystalline B,. It is interesting to note that whereas the product iso- 
lated from yeast had about the same activity for L. casei as the product 
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from liver, its activity with Streptococcus lactis R was approximately 
one-half that of the liver preparation. 

There was also reported the isolation of a compound, named tenta- 
tively Streptococcus lactis R (SLR) factor (195), which effectively 
replaced a folic acid preparation for Streptococcus lactis R but was in- 
effective for L. casei (196). However, it was shown that the organism 
S. lactis R converted the SLR factor into a form which was active for 
L. casei (195). 

Thus we are in a quandary as to what is meant by folic acid. Is 
all activity as measured by the Streptococcus lactis assay folic acid? 
Then the isolated material, the SLR factor, which has been found to 
be active by this assay, should be folic acid. But this substance has 
been found inactive for L. casei, whereas folic acid concentrates were 
active for this organism. Furthermore, the activity of the two crystal- 
line substances, from yeast and liver, although quite similar for L. casei, 
were different for S. lactis (194). It may well be that additional com- 
pounds will be isolated from other natural sources with varying activity 
ratios to the test organisms S. lactis and L. casei. Apparently the use 
of these two test organisms is a biological tool for establishing the dif- 
ferences in such compounds. It is possible that the use of other 
microorganisms and/or animals may also provide further differentia- 
tion. Evidently all these compounds and those already isolated have 
some common basic chemical structure since they are so closely related 
biologically. Since these compounds have been isolated from different 
sources, the name “folic acid,” because of its etymological significance, 
should not be applied indiscriminately but should be reserved for the 
compound present in leafy materials. 

As described in the section on sulfonamides, the granulocytopenia 
produced in rats by the feeding of diets containing sulfonamides could 
be overcome by the administration of norite eluate factor or folic acid 
concentrates. ‘The administration of three crystalline preparations, 
two from liver and another from an unnamed source, was found to be 
effective in correcting this blood dyscrasia. Although no minimum 
effective dose was reported, the preparations were active at daily dose 
levels of from 5 yg. to 20 ug. in curative experiments (197). The re- 
port that xanthopterin was effective in producing leucocyte response 
(198) has not been confirmed by other workers (197, 199). The pos- 
sible role of xanthopterin in mammalian nutrition was suggested by 
the interesting results of producing L. casei factor activity by allowing 
rat liver slices to act on xanthopterin. These experiments also sug- 
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gest the possible chemical relation of the L. casei factor to xanthopterin 
(200). It is interesting to note here the reported identity of xanthop- 
terin with the pterin in urine, uropterin (201). 


p-AMINOBENZOIC ACID 


The increased interest in this factor has resulted in the develop- 
ment of additional procedures for its determination. 

A microbiological assay for p-aminobenzoic acid using a mutant 
strain of Neurospora crassa was described (202). Enzymatic hy- 
drolysis or autolysis of natural products appeared to liberate incom- 
pletely this active substance since heating with 6 N sulfuric acid for 
one hour at 115.5° C. gave increased amounts (203). Several colori- 
metric methods have been studied. In one, diazotized thiamin is cou- 
pled with p-aminobenzoic acid to yield a colored product. This method 
has been applied to urine (204). In another, the method for sulfanila- 
mide was applied (205). 

p-Aminobenzoic acid was found to produce a growth response in 
chicks on a purified diet. It was believed that this effect was produced 
indirectly by stimulating the increased production of unknown factors 
by the intestinal flora (206). A similar explanation was suggested by 
the ability of p-aminobenzoic acid to overcome the injurious effect of 
inositol in the lactation of rats (207). 

As a result of the findings that natural source materials exhibited 
high antioxidant activity in the linoleic acid-butter yellow system, the 
various components of the B complex were investigated. p-Aminoben- 
zoic acid was found to be the only one to possess any significant activ- 
ity; however, it could not account for all this activity in natural ex- 
tracts which indicated the existence of unknown or unrecognized 
antioxidants in such preparations as rice bran extract and liver ex- 
tract fractions (208). 

That p-aminobenzoic acid is an essential metabolite for micro- 
organisms was indicated by its synthesis by growing organisms in a 
medium lacking in this factor (209). The ability of various strains of 
Staphylococcus aureus to resist the action of sulfonamides was shown 
to be dependent on the amount of p-aminobenzoic acid synthesized by 
the strain. Sulfonamide-resistant strains of Staphylococcus aureus 
produced greater amounts (210). p-Aminobenzoic acid was shown 
to be one of the many compounds which inhibit the thyroid gland in 
young rats (211). It was also found to be a highly effective detoxi- 
cant for high lethal doses of arsenicals such as carbarsone, tryparsa- 
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mide, etc. (212). The effect of p-aminobenzoic acid on gray hair in 
human subjects was studied (213, 214). However, no specific rela- 
tionship could be determined. 


Tue EFrect oF SULFONAMIDES 


The use of the sulfonamides in experimental diets for rats has 
previously been described. Since the original work with sulfaguani- 
dine, other derivatives such as succinyl-sulfathiazole, sulfathiazole, 
and sulfanilamide (215) have been found effective in producing biotin 
deficiency and blood dyscrasias in rats (199, 216). More recently the 
anemia in chicks, characteristic of vitamin B, deficiency, was produced 
by the addition of sulfonamides to the diet (192). 

The use of biotin and liver extract fractions as supplements over- 
came the disturbances caused by these sulfonamides (217, 218). The 
experimental facts may be summarized by stating that under the in- 
fluence of diets containing substantial amounts of a sulfonamide there 
is a higher requirement for biotin and the liver extract fraction con- 
taining the norite eluate factor (L. casei factor). 

The explanation generally offered is that the sulfonamides have 
so affected the intestinal flora that much less of these two factors is 
available to the host as a result of reduced intestinal synthesis (217). 
Under these conditions, the number of E. coli in the feces and cecum 
was shown to decrease temporarily with a return to approximately 
normal level at five weeks. The total counts on the other hand re- 
mained constant, the enterococci replacing the coliforms during the 
time the E. coli were repressed (219). However, since the animals 
did not grow during the time the intestinal population was returning 
to normal, it was believed that the microorganisms which resisted the 
sulfonamides had lost the ability to synthesize these growth factors 
(219). 

In studying the counteraction of the bacteriostasis of L. arabinosus 
produced by sulfapyridine, it was observed that the arrest of growth 
could be overcome not only by p-aminobenzoic acid and nicotinic acid, 
but also by liver extract preparations which showed properties similar 
to those reported for the norite eluate factor (220). This is especially 
interesting in view of the fact that this organism, L. arabinosus, is 
known to synthesize this liver extract factor. Of course, demonstra- 
tion with the pure crystalline norite eluate factor is necessary to con- 
firm the fact that this reversal of inhibition is not due to the presence 
of some other active substance or substances. Thus, in the case of 
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L. arabinosus as in that of rats, sulfonamides increase the requirement 
for a growth factor, normally synthesized or otherwise available in 
adequate amounts. 

From the results with a limited number of human subjects it ap- 
pears that the intestinal synthesis of thiamin by the bacterial popula- 
tion might be significant (41). In these studies, the subjects were 
maintained on a highly purified and restricted ration. Some of these 
individuals failed to show the usual clinical signs of thiamin deficiency. 
Determination of free thiamin in the feces of these subjects indicated 
the presence of substantial amounts of this vitamin. On administra- 
tion of a sulfonamide, the thiamin content was found to disappear 
promptly. The importance of intestinal synthesis of this vitamin was 
further demonstrated by showing that thiamin can be absorbed from 
the intestinal tract (41). 

The signs of pantothenic acid deficiency, such as achromotrichia, 
porphyrin-caked whiskers, and reduced pantothenic acid content of 
the liver, were produced in rats on a diet containing succinyl-sulfa- 
thiazole (221). While pantothenic acid itself was ineffective in cor- 
recting this condition, the inclusion of both biotin and norite eluate 
factor (L. casei factor) concentrates was effective (221). The data 
suggest that these two factors are necessary for the proper utilization 
of panthothenic acid. Other workers have been able to produce panto- 
thenic acid deficiency in the rat by the administration of sulfapyridine 
(222). In this case sulfapyridine reversibly inhibited the action of 
pantothenic acid. The question now may be raised as to whether 
sulfapyridine and succinyl-sulfathiazole act by the same mechanism. 
p-Aminobenzoic acid was found to counteract the action of sulfa- 
methyldiazine on Plasmodium lophurae infections in Pekin ducklings. 
On the other hand, p-aminobenzoic acid did not affect the action of 
sulfanilamide and sulfamethyldiazine on lymphogranuloma venereum 
in mice (223). 

The administration of sulfonamides certainly produces changes in 
the intestinal flora and blood constituents, but there is evidence that it 
causes pathological changes which may not respond to the expedients 
of dietary change (224). Feeding either sulfonamides or thioureas to 
rats, mice, and dogs produced a hyperemia and enlargement of the 
thyroid gland (224). The thyroid-metabolic effect produced in rats 
on a stock diet was not overcome by the administration of various 
vitamins or liver. It was prevented by thyroxin at 1 ug. per 10 gm. 
of body weight (224). 
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The death rate of baby chicks receiving sulfaguanidine was dou- 
bled (to approximately 50 per cent) when a mixture of p-aminobenzoic 
acid, thiamin, and riboflavin, or a suspension of E. coli was adminis- 
tered (225). From these observations it was felt that tolerance of the 
sulfonamide may be related to activities of the coliforms in the intes- 
tines (225). 


OTHER Factors ASSOCIATED WITH THE B VITAMINS 


Without the inclusion in this review of a section summarizing the 
aspects of current researches which in years to come will receive in- 
creasing attention, this report would be incomplete. The recognition 
by biological or microbiological evidence of the possible existence of 
an additional unknown factor constitutes the first chapter in the story 
of a vitamin. It follows that the care in obtaining the experimental evi- 
dence for the existence of the new factor or vitamin will play an im- 
portant role in its further development. 

The existence of two additional factors required by the chick was 
reported (226). They have been described as a feather development 
factor, assigned the term B,o, and a growth factor, denominated B,,. 
Both were soluble in water, adsorbed on norite and superfitrol at 
pH 3, and eluted with alcohol-ammonia-water mixture, and were par- 
tially separated by fractional alcohol precipitation (226). The need 
for at least one factor beyond the L. casei factor for the chick was 
confirmed (227). 

Another factor, organic in nature, was found to be required by 
turkey poults for the prevention of perosis (228). It was adsorbable 
on fuller’s earth, from which it could be eluted with ammonium hy- 
droxide (228). 

Although mice were raised to the fourth generation of offspring 
on a purified ration containing pure vitamins and fatty acids, there 
were indications of the inadequacy of the diet as demonstrated by sub- 
normal growth and higher mortality during weaning (229). Several 
explanations were suggested such as (a) the lack of a nursing factor, 
(b) inadequacy of one or more of the known dietary factors, and (c) 
an unbalance of factors (229). 

Rats, though they were found to grow and reproduce essentially 
normally on a synthetic diet, showed a specific tail dermatitis (230). 
Some factor was believed to be present in natural foodstuffs which 
produced prompt remission of this condition (230). Deficiency signs 
such as dermatitis, loss of hair, and generally unhealthy skin were 
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observed in puppies on a purified ration. Yeast extract or liver was 
effective in preventing these conditions (231). 

One of the unknown factors, GPF-3, required by the guinea pig, 
maintained on a basal diet containing 25 per cent linseed oil meal 
(232), was further studied (233). The activity substance was readily 
adsorbed by the usual adsorbants and was not extracted from either 
acid or alkaline solution by ether. It was stable to alkaline autoclaving 
whereas acid autoclaving destroyed most of its activity (233). 

Xanthopterin was found to restore hemocytopoietic function in a 
monkey maintained on the vitamin M-deficient diet (234) supple- 
mented with heat-treated liver (235). It was believed that other un- 
known factors, presumably in the heated liver, were necessary to pre- 
vent vitamin M deficiency (235). Vitamin M was found to be present 
in liver extract and yeast residue (236). 

“Vitamin B,” deficiency in the chick (237) was prevented by the 
addition of the amino acids, arginine, glycine, and cystine to the ration 
(238). From this it appears that the term “vitamin B,” no longer 
has any significance. 

The existence of several new microbial factors was reported (239, 
240). Certain strains of S. lactis were found to require an unknown 
substance which is present in yeast extracts. It was not precipitated 
by the usual heavy metals or adsorbed on materials such as charcoal 
or fuller’s earth (239). Natural extracts were found to contain a 
factor which stimulated the early growth of L. casei and which ap- 
peared to have practically no effect in the usual three-day period used 
in assays with this organism. Some of the properties of this substance 
were given (240). Yeast extract was found in experiments with the 
various propionibacteria to give growth stimulation superior to that 
obtained with an eight-vitamin supplement (241). 


Ascorsic AcID 


Methods of assay.—Further developments have appeared in the 
problem of ascorbic acid assay methods. In view of the importance 
that vitamins have attained in the adequate maintenance of not only 
civilian but also military nutrition and in the management of disease 
and casualties, methods for the determination of the vitamin content 
of foods and tissue should be as highly developed as possible. 

Several modifications of the test with 2,6-dichlorophenolindo- 
phenol were studied (242, 243, 244). In one the excess unreduced 
dye was extracted into chloroform and then measured colorimetri- 
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cally. By this method the difficulties encountered in highly colored or 
turbid extracts could be overcome (242). In another, the method 
was based on the rate of decolorization of the excess dye (243). The 
nature of the possible products which would interfere with determina- 
tions using this dye was investigated (244). 

Methods which did not use this dye were also presented (245 to 
249). An assay procedure which was applied to blood and urine was 
based on the measurement of the color produced by reaction of &5 
per cent sulfuric acid on the 2,4-dinitrophenylhydrazine derivative of 
dehydroascorbic acid (245). The possible interfering substances such 
as glucose were found to be present in too low a concentration in the 
blood and urine to affect the results significantly (245). A photo- 
sensitized reaction with methylene blue has been utilized in a method 
for the determination of the vitamin in blood and its constituents 
(246). Another method involving electrolytic reduction of the total 
ascorbic acid has been applied to foodstuffs (247). Still another 
method was based on the reducing action of ascorbic acid on ferri- 
dipyridyl (248). The reaction of o-dinitrobenzene with ascorbic acid 
and the color reactions of dehydroascorbic acid were studied (249) 

The effectiveness of various acids in stabilizing vitamin C during 
extraction from plant material was tested (250). From these studies 
it appeared that oxalic and metaphosphoric acids were equally suit- 
able (250). In metaphosphoric acid extracts the vitamin was found 
stable at 0° C. in the dark over a period of two days (251). 

Distribution in foodstuffs—Unless dehydrated vegetables and 
fruits were packed in oxygen-free containers, substantial amounts of 
ascorbic acid were destroyed (252). Assays of fruits and vegetables, 
raw and cooked as would be consumed, were reported (253). The 
loss of the vitamin in different methods of cooking a vegetable, such 
as broccoli, was studied (254). 

Exposure of green tomatoes to sunlight increased their vitamin C 
content, whereas bruising lowered it (255). Sunlight does not, how- 
ever, affect the vitamin C content of processed foods (256.) The dis- 
tribution of the vitamin in the various portions of the peach was 
studied (257). Although the white potato has been considered as an 
important source of this vitamin in diets, the sweet potato does not 
contribute any significant amounts (258). 

Further assay values for varieties of rose hips and evergreens were 
reported (259). The use of the latter has played an important role 
recently in the prevention of scurvy in Russia (260). Other winter 
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sources of this vitamin in Great Britain were reported to be available 
in the various cresses (261). The buffalo-berry was found also to be 
an excellent source (262). 

Chemistry of ascorbic and dehydroascorbic acids——The oxidized 
form of ascorbic acid, dehydroascorbic acid, was proposed as the form 
which produces inhibition of urease activity since cysteine removes 
this inhibition by reducing dehydroascorbic acid to ascorbic acid 
(263). In vivo and in vitro experiments showed that dehydroascorbic 
acid was readily converted to diketogulonic acid (264). Since dehydro- 
ascorbic acid was readily converted in the liver to ascorbic acid, the 
following scheme of reactions was proposed : 


ascorbic acid = dehydroascorbic acid — diketogulonic acid 


The kinetics of the oxidation of ascorbic acid to form hydrogen 
peroxide were studied (265). In the presence of copper inhibitors 
ascorbic acid did not produce its characteristic inotropic and systolic 
effect on the frog heart due to the insufficient hydrogen peroxide 
formed under these conditions (266, 267). Inhibitors of copper in 
the auto-oxidation of the vitamin were found to be substances which 
contained at least one acid group along with some coordinating group. 
Compounds such as cystine, uric acid, aspartic acid, and glutamic acid 
were found to be most effective (268). 

Ascorbic acid and metabolism.—An interesting inverse relation- 
ship was observed between the tissue content and excretion of ascorbic 
and citric acids. By increasing the citric acid content of certain tis- 
sues in the rat by feeding citrates, there was a decrease in the content 
of ascorbic acid in those tissues. Feeding of ascorbic acid resulted in 
a decrease in the excretion of citric acid (269). 

The probable importance of this vitamin in carbohydrate metab- 
olism was indicated by the finding that the insulin content of the pan- 
creas was markedly diminished in scorbutic guinea pigs (270). Nor- 
mal carbohydrate utilization, glycogen storage, and intermediary 
metabolism of proteins were believed to be dependent, at least in part, 
on the presence of this vitamin in adequate amounts in the body (271). 
Alcohol was metabolized more slowly in deficient animals than in 
normal animals (272). The deposition of trypan blue in the livers of 
scorbutic pigs injected with this dye was regarded as further evidence 
of hepatic damage and altered metabolism (273). 

Biological synthesis of ascorbic acid —Dairy cows have been main- 
tained for three to four years on a low vitamin C diet and have con- 
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tinued to excrete vitamin C. There was no decrease from normal in 
the vitamin content of the blood plasma and milk during this period 
(274). The ability of the mature chicken to synthesize ascorbic acid 
was found not to be affected by vitamin A deficiency as indicated by 
comparison of the ascorbic acid contents of livers and duodena (275), 

Glucoascorbic acid.—The feeding of mice and cotton rats on a 
synthetic ration of glucoascorbic acid, a compound structurally related 
to ascorbic acid, produced a condition resembling scurvy in suscep- 
tible species such as the guinea pig (276). Although ascorbic acid 
itself was not effective in either preventing or curing this condition, 
the removal of the compound or the substitution of foodstuffs which 
are natural sources for ascorbic acid was effective. Araboascorbic 
acid did not produce this scurvy-like condition (276). 

Miscellaneous observations.—The effect of prolonged vitamin C 
deficiency on the healing of fractures and muscle injuries in guinea pigs 
was studied (277). The breeding performance of horses was found 
to be related to the blood ascorbic acid values. Good breeding mares 
had a significantly higher value than difficult breeders (278). Epi- 
thelial sheets in tissue culture were found to require ascorbic acid to 
remain healthy and active (279). The importance of vitamin C in the 
healing of wounds has been reviewed (280). The presence of sulfa- 
nilamide was found not to affect the ascorbic acid content of the 
wound, retard its healing, or reduce the tensile strength of the scar 
(281). The possible relationship between the deficiency of this vitamin 
and peptic ulcers was suggested by the improvement obtained by the 
use of ascorbic acid and the observation that more instances of this 
disorder are found in the spring (282). 

The administration of ascorbic acid in 1 gm. daily doses was 
found to produce objective and subjective improvement in a small 
number of cases of essential hypertension (283, 284). The possible 
relation of vitamin C deficiency to gingivitis was indicated (285). The 
use of from 300 to 600 mg. daily doses of the vitamin has been sub- 
gested in the treatment of necrotic gingivitis (286). 

Deficiency of this vitamin has been related to skin disorders (8, 9, 
287). Vitamin C has been found to enhance the spirocheticidal and 
trypanosomicidal activity of the metals, such as arsenic and bismuth, 
probably as a result of its reductive properties (290). The vitamin 
was not found to minimize the effect of lead absorption (291). The 
role of ascorbic acid in the secretion of intraocular fluid was studied 


(292). 
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The status of vitamin C nutrition in various groups of individuals 
has been reported (293 to 297). A method for assessing the level of 
dietary intake by determining the number of days necessary to estab- 
lish saturation with doses of 700 mg. per 140 lbs. has been described 
(298). Instead of the original method using the three-hour period, it 
was found that by using the period between the fourth and fifth hours 
after dosing with 34 gm. of the vitamin much time was saved in carry- 
ing out the tests. This method was found to give consistent results 
so that it was possible to distinguish between slight variations in as- 
corbic acid intake (299). 


VITAMIN P 


The time has not come when a definite statement can be made as 
to the existence or significance of vitamin P. However, evidence is 
gradually accumulating which will help in the evaluation of this 
vitamin. A method involving the capillary resistance of guinea pigs 
(300) was used to assay various types of fruits and vegetables for 
vitamin P activity (301). Fruits were found to be the best sources; 
green leaves and roots were much less active, and seeds were found 
to be very poor. It was also observed that vitamin P activity does not 
parallel that of ascorbic acid during germination (301). A method 
(302) for the determination of flavones or quercitin-like substances 
was applied to foodstuffs. Lemon peel gave the highest values, 1.66 
mg. per gm.; on the other hand, a colorless vegetable such as cauli- 
flower contained none (303). 


VITAMINS—GENERAL 


Assays and sources.—Investigations on the increase of the vitamin 
content of dehydrated sprouted seeds (304) indicate the important 
role this source can play in supplying quantities of various B vitamins 
in the diet. However, some seeds, such as the cereals, wheat and 
barley (305), showed a slightly decreased thiamin value on malting. 
The increase in vitamin content during sprouting appears to be char- 
acteristic of the species (305). 

The changes in the B content during development were also 
studied in beans and corn (306). The highest concentrations were 
found during relatively early stages followed by a steady decline as 
seeds mature (306). 

Polished rice, well known for its lack of thiamin, also supplies in- 
adequate quantities of pyridoxine, riboflavin, pantothenic acid, and 
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choline so that dry beriberi occurring on a rice diet is probably caused 
by complicated vitamin deficiencies involving these vitamins (307). 
The marked contrast in physique of inhabitants of Nigeria is prob- 
ably attributable to their inclusion in a population group which sub- 
sists essentially on gari (derived from cassava) which is deficient in 
both thiamin and riboflavin, or on yams and sweet potatoes (308). 

The importance of the addition of thiamin and riboflavin to white 
flour in human diets low in these two vitamins has received con- 
firmation from animal experiments (309, 310). Enriched white bread 
with skim milk solids was found to be the equal of whole wheat in 
the promotion of growth and production of blood hemoglobin, and 
to be distinctly superior in the promotion of bone calcification. A 
combination of both skim milk solids and wheat berry residues gave 
the best growth stimulation (311). Peeled wheat flour and bread 
prepared from it have been assayed for their content of the various 
vitamins (312). 

From experiments with adult human subjects over a period of 
nearly nine months in which the only variation in the diets consumed 
was in the bread, it was concluded that flour containing 2.0 mg. of 
thiamin and 15 mg. of nicotinic acid per pound with six parts per 
hundred of non-fat milk solids was a satisfactory food (313). 

As a continuation of the study of the thiamin content (314) of 
the average American diet, the riboflavin, nicotinic acid, and panto- 
thenic acid contents also were determined (315). On the basis of a 
2,500 calorie daily intake, the values before enrichment were found 
to be 1.4 mg. riboflavin, 11 mg. nicotinic acid, and 4.9 mg. panto- 
thenic acid. After enrichment, the riboflavin content was found to 
be 1.6 mg. and nicotinic acid, 17 mg. The value for pantothenic 
acid is substantially lower than the previously (316, 317) estimated 
requirement of 9 to 11 mgs. (315). 

A revision (318) of the table of vitamin values of more than 150 
foods has been published. The figures are based on data available 
prior to July, 1942. 

Animal experiments.—The factors in rice polish extract, which 
were found necessary to maintain the normal epithelium in the fore- 
stomach of rats on essentially a flour diet, supplemented with ribo- 
flavin, nicotinic acid, and cystine, were found to be choline and 
pyridoxine (319). The influence of vitamin deficiencies on the inci- 
dence of congenital malformations in the offspring of rats maintained 
on B complex deficient (320) and riboflavin deficient diets was 
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studied (321). Dogs were observed to develop abnormal liver func- 
tion on a B complex free diet (322). Although the increase of 
protein partially prevented the occurrence of disorders such as weight 
loss, moderate anemia, dermal and peptic ulcers, and fatty cirrhotic 
liver in dogs fed a low protein diet supplemented with thiamin, ribo- 
flavin, nicotinic acid, pyridoxine, and pantothenic acid, partial clinical 
improvement was effected by supplying large quantities of choline, 
powdered liver extract, or a “filtrate factor” prepared from rice bran 
extract (323). The combination of large amounts of choline and liver 
extract rapidly overcame these signs except the fibrosis of the liver 
(323). 

An example of vitamin deficiency producing increased resistance 
rather than increased susceptibility to infection, in this instance 
spontaneous ulcerative cecitis, was observed in rats on a B complex 
deficient diet (324). 

The influence of the various B vitamin deficiencies on the body 
composition of rats was investigated with results which showed dif- 
ferences between the sexes (115). Supplying thiamin produced in 
females an increase of the ratio of water, fat, and protein to residual 
substance whereas in males, thiamin increased only the ratio of fat 
to non-fat tissues (115). The effects of riboflavin, pyridoxine, and 
pantothenic acid were also reported (115). In studies of rats main- 
tained on high and low levels of B complex, the concentration of 
riboflavin and nicotinic acid in the carcasses were the same, regard- 
less of the level of vitamins fed or the level of protein in the diet (96). 
However, the liver contained higher concentrations of both riboflavin 
and nicotinic acid on the high protein diet, independent of the vitamin 
level. The thiamin content of the carcasses was dependent upon the 
intake of this vitamin irrespective of the protein level in the diet (96). 
In further studies-on the effect of environment on the vitamin require- 
ment of young rats, there was found to be no change in requirement 
for pyridoxine and riboflavin at higher temperatures (325), unlike 
the increased requirements for thiamin and choline (326) previously 
reported. 

Growth stimulating properties for the rat have been ascribed to 
inositol and p-aminobenzoic acid when the thiamin intake was at a 
suboptimal level (327). 

An instance in the interrelationship of the various vitamins was 
observed when dogs on a thiamin-free diet developed oral lesions 
which were healed by the administration of vitamin C (328). It 
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appears from this that vitamin B, was required by the dog to synthe- 
size its normal vitamin C requirement (328). However, there exists 
the possibility of an increased vitamin C requirement in thiamin 
deficiency. 

While the mammalian liver acts as a storage organ for various 
vitamins, the malpighian system of the American roach appears to 
have an analogous function (329). The distribution of the vitamins 
in the stages of maturity of the honeybee (67) were investigated. Ex- 
periments on the growth of five insect species showed that insects do 
not require any unknown or undetermined factors (330). 

Clinical observations—The use of vitamins in clinical neurology 
was summarized (331). The methods of therapy in vitamin defi- 
ciencies, symptoms and physical signs, and special laboratory tests 
for establishing and controlling these deficiency diseases have been 
discussed (332). The frequency with which the various signs and 
symptoms of vitamin deficiencies were observed in hospital patients 
was studied (333). Signs of deficiency were found present in all 
persons with hyperthyroidism, cirrhosis of the liver, and chronic 
alcoholism. They were also observed in two-thirds or more of those 
with infections, diabetes mellitus, carcinoma, and diseases of the 
gastrointestinal tract (333). The effect of vitamin therapy in infantile 
eczema (334) and Sydenham’s chorea (335) appears to give in some 
cases favorable responses. The efficacy of iron therapy in hypochromic 
anemia (336) was reported to be unaffected by the addition of brew- 
ers’ yeast. 

There has been considerable interest in the possible losses of the 
various water-soluble vitamins in sweat (337 to 339). The con- 
clusions generally reached are that while some thiamin, riboflavin, 
pantothenic acid, and nicotinic acid may be lost in sweat, these amounts 
are too small to be significant on an average dietary. 

The various stages or states (340) of avitaminosis and the various 
methods of appraisal of these deficiency states have been described. 
By the methods which utilize gross and biomicroscopic examination 
of specific tissues for characteristic morphological changes, results 
were obtained indicating a high prevalence of malnutrition (340). 
Other studies (341) showed that the influence of early mild states of 
malnutrition prevented maximal work efficiency. The reduced work 
output of trained subjects on diets deficient in the vitamin B complex 
was returned to efficient levels by supplementation of the diet with 
B complex in the form of a yeast concentrate. Diets containing ap- 
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proximately one-third of the recommended levels produced subjective 
symptoms of easy fatigue, irritability, decreased interest and energy, 
anorexia, and increased leg pain during work (341). The extent to 
which the individual vitamin deficiencies are responsible would be of 
great value in judging the correctness of the recommended levels of 
these vitamins. 

Vitamins and hormone activity—Useful therapeutic effects of 
thyroid hormone are obtained by the simultaneous administration of 
extra amounts of the vitamins since the increased metabolism effected 
in experimental hyperthyroidism resulted in partial vitamin defi- 
ciencies (342). 

The injection of 0.5 to 1.0 mg. of thyroxin in rats resulted in a 
substantial increase in the excretion of riboflavin while there was very 
little change in that of thiamin (343). 

In contrast to the finding in female rats that in vitamin B com- 
plex deficiency the estrogen-inactivating function (344) of the liver 
was impaired, male rats with B complex deficiency showed no sig- 
nificant impairment of the ability of the liver to inactivate testosterone 
propionate (345). It appears, therefore, that in vitamin B complex 
deficiencies in man there may be an upsetting of the hormonal balance 
with an excess of estrogen resulting in disorders related to such 
conditions. This was demonstrated by the responses obtained in cases 
of menorrhagia, metrorrhagia, cystic mastitis, and premenstrual ten- 
sion (346) when sources of vitamin B complex were administered. 
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THE FAT-SOLUBLE VITAMINS‘ 
By WALTER C. RUSSELL 


New Jersey Agricultural Experiment Station, 
Rutgers University, 
New Brunswick, New Jersey 


Despite the reduced research output in the fat-soluble vitamin field 
from our American laboratories due to wartime conditions, and the 
paucity of reports from laboratories abroad, more papers came to the 
attention of the reviewer than could be mentioned in the space avail- 
able. Insofar as possible an attempt has been made to let the work of 
the year speak for itself by concentrating attention on those areas of 
research interest in which the largest numbers of papers have appeared. 
A review, by Drill (1), of thyroid function and vitamin metabolism in 
which reference is made to several of the fat-soluble vitamins has just 
recently appeared. 


VITAMIN A 


Absorption from the intestinal tract—The importance of an under- 
standing of the mechanism of absorption of vitamin A and carotene 
from the intestinal tract is underscored by numerous studies of this 
phase of the fate of this factor in the animal organism. 

The role of phosphatides in the absorption of vitamin A and caro- 
tene has been given attention (2, 3). Using a vitamin A-tolerance 
test (4), according to which the serum vitamin A is determined in 
the fasting individual at intervals following the ingestion of a test 
dose of vitamin A, a rise of 41 per cent was noted four hours after 
a test dose of 180,000 I.U. (2). When in addition lecithin was fed, 
either as a commercial product from soy beans or as a defatted lecithin, 
the rise in blood vitamin A was of the order of 200 per cent. Under 
these conditions the carotene of the blood remained unchanged, al- 
though a test dose of carotene was not fed. The lecithin effect is 
apparently that of improved absorption, although there is the possi- 


1 Journal series paper of the New Jersey Agricultural Experiment Station, 
Rutgers University, Department of Agricultural Biochemistry. The author takes 
this opportunity to acknowledge the assistance of Mrs. Thalia Gates Mehrhof in 
the preparation of the review. 
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bility of a mobilization from vitamin A depots in the body. Since 
pure lecithin was not fed there is still the question of the effect of 
cephalin and inositol present in the lecithin preparation. In the white 
rat (3), two U.S.P. units of vitamin A in the form of carotene failed 
to promote growth even though the diet contained 4 per cent of cotton- 
seed oil. When 1 per cent of soybean phosphatides was added to the 
diet satisfactory growth was obtained. The addition of 0.3 per cent 
of soybean oil, the quantity contained in the 1 per cent of phosphatides, 
caused a lesser growth response, a result which emphasizes that the 
effect was due to the phosphatides. Substitution of cod liver oil for 
carotene under the same experimental conditions gave a growth re- 
sponse similar to that obtained with carotene, although cod liver oil 
alone promoted a better growth than carotene alone. The enhancing 
effect of phosphatides on the utilization of vitamin A and carotene 
remains to be explained. The like effect of a-tocopherol suggests that 
phosphatides may be antioxidants. 

To determine the effect of vitamin A concentration on absorption 
from the gastrointestinal tract, vitamin A solutions were fed by stomach 
tube, in‘amounts of 300 mg. per 100 sq. cm. of body surface area, to 
animals which had been fasted for forty-eight hours (5). The quanti- 
ties of the vitamin administered in single doses ranged from 114 to 
950,700 I.U., approximately in multiples of ten. Immediately after 
administration, 92 to 100 per cent of the vitamin and practically 100 
per cent of the fat, which served as the vehicle for the vitamin, were 
recovered from the intestinal tract. The absorption during a three- 
hour period per 100 sq. cm. of body surface per hour increased from 
approximately 5 I.U., when 100 I.U. were fed, to 10,000 I.U., when 
950,000 I.U. were fed. The rate of absorption of the vitamin was 
found to be proportional to the concentration administered and was 
2,000 times faster at the higher level. While in terms of units the ab- 
sorption of 10,000 I.U. per 100 sq. cm. of body surface per hour 
appears large, by calculation this is of the order of only 3.3 mg. of 
the pure vitamin. The absorption of the fat vehicle in milligrams per 
100 sq. cm. of body surface per hour varied from 3.1 mg. when the 
highest dosage of the vitamin was fed and 10,000 I.U. were absorbed 
per 100 sq. cm. of body surface per hour, to 39.8 mg. when the feeding 
level was of the order of 150 I.U. and the absorption only 4.2 I.U. 
Thus no evidence of a proportionality was found between the quanti- 
ties of the vitamin and fat absorbed. To answer the logical question 
as to whether the vitamin disappeared from the gut as a result of bac- 
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terial action, the intestinal tracts of some of the animals were incu- 
bated for three hours at 37° C. That the same quantity was recovered 
as from controls is evidence that bacterial destruction did not take 
place. 

The effect of intestinal motor activity has been studied. In patients 
with sprue and in normal persons who have been given atropine, 
records of motor activity of the small intestine show that the tone is 
greatly reduced (6). Evidence has been presented (7) that the ab- 
sorption defects of sprue-like states depend, in part at least, upon 
the lowered tone. Vitamin A absorption tests conducted with human 
subjects revealed that the appearance of the vitamin in the plasma 
was delayed after atropinization. Inhibition of pancreatic and biliary 
secretions appears to account for some of the delay. Also it is possible 
that the decrease in intestinal motility may be partly responsible, al- 
though no direct evidence to support this hypothesis is provided by 
the data. 

Absorption of vitamin A in certain clinical conditions has been 
given attention. When the fat-tolerance and the vitamin A-tolerance 
tests (4, 8) were used in the study of intestinal absorption in active 
sprue, a failure to absorb fat and vitamin A was demonstrated, while, 
in cases of extensive granulomatous jejuno-ileitis, despite extensive 
diseased areas of the intestinal wall, a fairly satisfactory absorption 
of fat and vitamin A was observed. In chronic ulcerative colitis (9), 
the plasma vitamin A level did not rise as high, following oral adminis- 
tration of the vitamin, as in normal controls, a difference probably due 
to decreased absorption, although the number of bowel movements 
may be a factor. Also, impairment of absorption of vitamin A was 
noted in intractable infantile eczema (10). 

Storage.—In young chicks (11) it was possible to maintain initial 
liver storage of vitamin A when the ration contained 250 to 500 ug. 
of carotene per 100 gm. of body weight and the storage was markedly 
increased at the higher ration levels. Thus when the intake was in- 
creased 3.5 times the increase in liver content was of the order of 
tenfold. At the same time the total yellow pigment increase was of the 
order of fivefold. Two reports have dealt with the storage of vitamin 
A by the rat as influenced by age and food content (12, 13). 

Hepatic function and vitamin A.—Further evidence of the impor- 
tance of the liver as a storage organ for vitamin A and of the influence 
of liver storage on the level in the blood has been obtained from an 
extensive study of seventy-five cases at operation for various diseases 
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of the upper abdomen. When the liver was damaged, a low plasma 
level of vitamin A was noted and, in the absence of gross nutritional 
deficiency, a plasma vitamin A level of zero indicated severe liver 
damage (14). In liver damage the hepatic concentration of vitamin A 
was often found to be reduced. Although the fluorescence-microscopic 
pattern of the distribution of vitamin A is never regular, only in cases 
of hepatitis, cirrhosis, and obstructive jaundice with secondary hepa- 
titis were severe irregularities noted. In hepatitis the low level of the 
vitamin in the blood may be accounted for by impairment of the release 
of vitamin A from the liver and of absorption from the digestive tract. 

High-altitude physiology.—Of interest in relation to high-altitude 
physiology is the observation that 80 per cent of a group of 107 rats 
which had been fed carrots for a period of ten days survived an 
exposure of two hours to a simulated altitude of 30,000 feet, whereas 
only 20 per cent of a like group fed a colony ration survived the 
exposure (15). Thus the feeding of fresh carrots for some unknown 
reason provided marked protection. 

Vitamin A preparations and hypertension.—A report that vitamin 
A is effective in reducing the blood pressure in experimental hyper- 
tension (16) has stimulated attempts to confirm the finding and to 
ascertain whether another substance in fish liver oils is the effective 
agent. A substance, other than vitamin A, appears to be present in 
body and liver oils of fish which is effective in reducing the blood 
pressure of hypertensive rats (17). These oils offer greater promise 
than kidney as a source of the active principle effective in hyperten- 
sion. Similar studies with dogs (18) revealed that the antihyperten- 
sive effect is not due to vitamin A and that the effective substance is 
present in some vitamin A concentrates but not in others. However, 
doses of 100,000 to 400,000 U.S.P. units of vitamin A concentrate 
given daily for from five to ninety days, were ineffective in the treat- 
ment of essential hypertension in the human (19). The isolation and 
identification of this substance presents an important problem. 

Vitamin A-hormone relationships.—Since both estrogenic hormone 
and vitamin A may individually affect epithelial structures, the ques- 
tion was raised whether their action is independent or whether some 
relationship exists between them. In the monkey a study of the oral 
mucous membrane and vagina showed that large daily doses of vitamin 
A had an ameliorative effect on the keratinization and hyperplasia pro- 
duced by the estrogen Progynon B (a-estradiol benzoate). When large 
doses of vitamin A, which caused degenerative change in the gingivae, 
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were followed by administration of vitamin A and the estrogen, the 
vitamin effect was overcome as indicated by hyperplasia of the gingivae 
with restoration of tissue tone (20). Vitamin A deficiency is not an 
etiological factor in the development of simple goiter in the rat. Hyper- 
function of the thyroid is apparently accompanied by an increased 
requirement for the vitamin, due possibly to an increase in metabolic 
rate. In thyroidectomized animals there is a decreased need. The 
utilization of carotene, as compared with vitamin A, in the cure of 
xerophthalmia is not adversely affected by a deficiency of thyroid hor- 
mone (21). 

Experimental pathology.—Mellanby (22) has shown that in young 
dogs on diets low in vitamin A local overgrowth of certain skull 
bones causes compression, twisting, and lengthening of most cranial 
nerves. Extensive degenerative changes were noted principally in the 
sensory nerves, the motor cranial nerves for the most part not being 
affected. Optic nerve degeneration may be produced in part from 
direct pressure of overgrown bone, from increased intracranial pres- 
sure, and from a primary degenerative change originating in the retina 
itself. The results of this study are similar to those reported by 
Wolbach & Bessey for the white rat (23). 

Amblyopia, which may occur in the human following the use of 
tryparsamide, may be due, in part, to a lack of vitamin A. This is 
suggested by the observation that rats on a diet suboptimal in vitamin 
A when treated with the drug showed degenerative changes in the optic 
nerve, whereas no degeneration occurred when there was an adequate 
supply of the vitamin (24). 

In the study of the pathology of the vitamin A-deficient rat little 
attention has been given to the skin. Gross cutaneous signs, different 
from those previously accepted as characteristic of the deficiency, were 
observed by Sullivan & Evans (25) in young rats on a diet deficient 
only in vitamin A, insofar as it is possible to devise such a ration. It is 
concluded that in previous studies vitamin A deficiency was compli- 
cated by deficiencies of the vitamin B complex, fat, and essential fatty 
acids. Attention is called to the desirability of the revision of the 
present vitamin A-deficient diet of the U. S. Pharmacopoeia if an un- 
complicated deficiency is to be obtained. It should be pointed out, 
however, that the plateauing of growth and the appearance of defi- 
ciency symptoms occurred later in the more complete diets used by 
these investigators than when the U. S. Pharmacopoeia diet was used. 
Thus the animals would be heavier at the beginning of the assay period 
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and therefore possibly might not be as sensitive to differences in the 
vitamin A potency of dosage levels as animals of lower weight. The 
results, however, are of interest and perhaps the U. S. Pharmacopoeia 
diet should be reexamined in the light of these findings. In another 
study dealing with the skin, follicular hyperkeratosis leading to the 
formation of keratotic plugs in the hair follicles has been described as 
a characteristic lesion of the skin of rats deficient in vitamin A. Histo- 
logically and etiologically the keratotic plugs are completely homol- 
ogous with those reported in man (26). 

In acute avitaminosis A of short duration, retinas of rats show no 
structural changes except general edema. After a longer period of 
deprivation, degeneration begins in the visual cells and progresses 
through the outer nuclear layer, the pigmented epithelial layer, the 
outer molecular layer, and the inner nuclear layer. Slight degeneration 
of the outer segments of rods shows rapid repair under vitamin A 
therapy but if complete degeneration has taken place ten to eighteen 
weeks are required for repair. If the lesions involve the greater part 
of the outer nuclear layer they are irreparable (27). 

The incremental growth rate of the incisal dentine of rats on a 
diet deficient in vitamins A and D is greatly reduced and a charac- 
teristic striation appears in the dentine (28). 

Color vision and dark adaptation.—Since somewhat more than a 
million men of draft age are said to show some degree of color defi- 
ciency, the importance of salvaging at least some of this manpower is 
evident and further studies have been made of the effectiveness of 
vitamin A in the treatment of this deficiency. In one instance (29) 
a total of 1,400,000 U.S.P. units of vitamin A was administered to 
41 subjects in an eight-week period but no significant improvement 
in color sensitivity was observed. In another study (30), in which 
30,000 U.S.P. units of the vitamin were administered daily to four 
subjects for a ten-week period, an improvement of 20.7 per cent was 
noted as compared with 2.2 per cent in a control group. When 8 mg. 
per day of vitamin B, were used instead of vitamin A the improvement 
was 22.3 per cent. Under the same conditions the use of 16 mg. per 
day of vitamin B, resulted in an improvement of only 2.5 per cent. 
After a plateau had been reached, the vitamin A group was changed 
to the vitamin B, regime for a period of ten weeks. This resulted in 
an additional improvement of 11.8 per cent. When a change was 
made from the vitamin B, to the vitamin A regime the additional 
improvement averaged 10.8 per cent. It is apparent that the vitamin 
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therapy tried does not hold promise of success, although the improve- 
ment noted in one investigation may give rise to an extension of the 
study to include other essential dietary substances, such as the amino 
acids. It would be of interest to determine whether defective color 
vision is an hereditary metabolic defect or one that has been acquired 
during the life of the individual and whether, in either case, a reversible 
metabolic process is involved. 

A further attempt has been made to determine what constitutes 
subclinical vitamin A deficiency in the human (31). For this purpose 
five young adults were examined with respect to the following: dark 
adaptation, determined by the biophotometer, the adaptometer, and 
regenometer (32); vitamin A and carotene of the blood; total white 
blood cell counts and differential blood counts; and changes in the 
structure of the skin and conjunctiva. For the study, three young 
women lived for 7.5 months and two young men for 4.5 months on 
a diet low in vitamin A, which supplied 67 to 100 U.S.P. units of the 
vitamin per day. None of the data obtained indicated any definite 
changes from observations made prior to the experimental period. 
The investigators conclude “that these subjects had sufficient stores 
to withstand the effects of the depletion diet or that these signs are 
not merely the result of uncomplicated vitamin A deficiency.” 

When a determination was made of the reliability of the Hecht 
adaptometer test and of its validity as a measure of the nutritional 
status of children as to vitamin A it was found that this procedure 
either does not measure first signs of a deficiency or that in the area 
studied (Chicago) a deficiency of this vitamin is not common (33). 
Since a welder sees a small bright area, particularly in arc welding, 
in a dark field, the question was raised as to whether, although pro- 
vided with protection from actinic rays, a depletion of visual purple 
results which might retard adaptation to variations in brightness. On 
the day shift, welders who received 10,000 U.S.P. units of vitamin A 
before starting work and at the middle of the shift showed no greater 
gain in dark adaptation than those who did not receive a supplement. 
At night, however, a significant gain in dark adaptation was observed 
which was attributed to a greater demand for dark adaptation when 
not actually welding (34). Yudkin and associates (35), using a modi- 
fied Crookes dark adaptation apparatus, have obtained complete dark 
adaptation curves for about 400 apparently normal subjects and have 
discussed the findings critically. Various psychological states have 
been found to affect dark adaptation readings (36). 
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Clinical observations. — When the rate of dark adaptation, the 
thresholds of the completely dark-adapted eye, and the blood vitamin A 
level were used as criteria, no difference was found between 20 patients 
with urolithiasis and normal controls. Furthermore in 78 autopsy cases 
with urolithiasis, the respiratory and urinary tracts did not show the 
epithelial metaplasia characteristic of vitamin A deficiency. Despite 
the observation that a vitamin A-free diet results in extensive epithelial 
changes in experimental animals, which may be accompanied by 
urinary calculi, there is as yet no positive proof that vitamin A 
deficiency of the subclinical type is an etiological factor in urolithiasis 
in man (37). In pneumonia, the vitamin A, carotene, and total lipid 
levels of the serum are reduced. Children over two years of age, 
during convalescence, showed a rise of serum lipid well above normal 
and, in general, the curve of serum vitamin A paralleled that of the 
lipids. In younger children, however, a vitamin A supplement was 
necessary to obtain a rise in blood lipids similar to that of older chil- 
dren, but there was little or no tendency toward such a rise in infants 
under eight months of age (38). 

An investigation of the blood plasma level of vitamin A and caro- 
tene during pregnancy revealed a value of 105.4 I.U. (S.D. 32.2) of 
vitamin A per 100 cc. at six months or less and a significantly lower 
value of 91.1 I.U. (S.D. 26.2) in the third trimester. During the 
sixth, seventh, and eighth months the mean plasma carotene content 
was 145.9 ug. per 100 cc., a value significantly higher than that of 
111.9 wg. for the first five months. Storage in the fetal liver and 
utilization by fetal tissues were suggested as causes of the lower vita- 
min A value in the third trimester. Also the possibility of an inter- 
ference with release of vitamin A from the maternal liver in late 
pregnancy was suggested (39). 

In another investigation the average vitamin A content of the 
cord blood of 50 infants was 91.3 I.U. per 100 cc. as compared with 
a maternal level of 106.3 1.U. obtained a few hours before delivery. 
In contrast, the average carotene content of the cord blood was 2.01 
ug. per 100 cc. when the maternal level was 106.3 pg. When large 
doses of vitamin A and of carotene were administered just prior to 
delivery, the maternal vitamin A and carotene levels were increased 
but those of the cord blood remained within the untreated range. The 
constant presence of true vitamin A in fetal blood suggests that the 
factor is required and utilized in fetal life, but whether it is transferred 
directly from the mother or is formed from transferred carotene is 
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not known. The patients observed in this study, a total of 297 women, 
showed no correlation between plasma vitamin A and such clinical 
phenomena as puerperal infection, abortion, premature labor, toxemia, 
or hemorrhage at term (40). 

Of 100 patients affected with acne, who were treated with a daily 
supplement of approximately 100,000 I.U. of vitamin A from halibut 
liver oil and later from a molecular distillate, seventy-nine became free 
or nearly free from eruption and only three did not improve (41). 

Spector, McKhann & Meserve have presented a review of the 
effects of disease on the absorption, storage, and utilization of vitamin 
A (42). 

Human requirements.—Lewis & Haig (43), using the dark adap- 
tation method, found the minimum vitamin A requirement for infants 
to be 25 I.U. per kilogram of body weight. Later this group of in- 
vestigators (44) reported that the blood level of vitamin A is a more 
sensitive indicator of a deficiency than dark adaptation. Using blood 
vitamin A as the criterion, they now report (45) that the daily mini- 
mum requirements for infants under seven months of age is between 
100 and 200 U.S.P. units per kilogram of body weight, values which 
are from four to eight times that arrived at by the dark adaptation 
technique. 

Vitamin A and domestic species.—In vitamin A-deficient hens, the 
ascorbic acid content of the liver and duodenum was as great as when 
ample vitamin A was provided. In contrast with the findings in cattle 
(46), therefore, vitamin A deficiency does not interfere with ascorbic 
acid synthesis (47). Attention has been given by Deuel and associates 
to the effect of massive doses of vitamin A on the hen. The feeding 
of a high vitamin A diet to the hen caused a lowering of the carotenoid 
pigments in the blood and liver which was greater than that noted in 
the blood or milk of cows under similar dietary conditions. That the 
chicken does not store carotene is not due to lack of absorption but is 
due to the transformation of the pigment to nonchromogenic com- 
pounds (48). When there is a progressive increase in the quantity of 
vitamin A up to 200,000 I.U. per Ib. of basal diet high in carotenoids, 
there is a corresponding decrease in the pigment content of egg yolk, 
blood, and liver. Also there was a decrease of pigment in the body fat 
when 100,000 I.U. of vitamin A was fed for over six months. Vitamin 
A of the yolk, liver, and body fat increased with dietary intake, where- 
as the serum level was essentially unchanged except for a slight in- 
crease at the highest level of intake (49). Excellent evidence has been 
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presented that carotene is efficiently converted to vitamin A by the 
hen and that the feeding of equivalent practical dietary levels of either 
carotene or vitamin A leads to an equivalent egg yolk potency, due 
almost exclusively to true vitamin A (50). In the present study a 
differentiation was not made between the conversion of a- and $-caro- 
tene to vitamin A. From the scientific standpoint a study of the con- 
version of these forms and of cryptoxanthin to vitamin A would be 
of marked interest. 

The histopathology of anasarcous lesions in vitamin A-deficient 
cattle has been described (51). The vitamin A content of the diet of 
the cow has been found to affect in direct relationship the quantity of 
this vitamin in the fetal liver, although the liver content is low (52). 
From a study of the relation between the carotene content of the dairy 
ration and the development of spontaneous rancidity in milk, it was 
concluded that the beneficial effect of green feed is not due to its high 
carotene content and that the hydrolytic rancidity which occurs in 
milk near the end of gestation on a dry-feed ration does not result 
from the low carotene intake (53). These observations are not in 
agreement with those of earlier reports (54). 

In an earlier study, Howell, Hart & Ittner (55) reported that 
symptoms of vitamin A deficiency in horses were accompanied by 
lameness and joint lesions. Hart, Goss & Guilbert (56) now report 
that vitamin A deficiency is not the cause of the joint lesions. They 
present the hypothesis that the lesions are of nutritional origin and 
suggest that the preventive factor or factors may be present in green 
grass or leafy hay. 

Factors influencing the carotene content of foods.—Little correla- 
tion was noted between the size of tomatoes and the carotene content; 
also, wide variations in the supply of macronutrient elements caused 
only slight variations in the carotene content of the fruit. Differences 
between varieties were not marked. Ripe greenhouse fruit, produced 
either in the summer or winter, contained less carotene than that pro- 
duced outside in summer. Green fruit ripened in storage showed a 
much lower carotene content than vine-ripened fruit (57). Limitation 
of micronutrients had no significant effect on the quantity of carotene 
in tomatoes (58). Dehydration of carrots caused a carotene loss of 
approximately 6 per cent (59). During the storage of quick-frozen 
vegetables destruction of f-carotene was noted but the practice of 
blanching before quick-freezing retarded the loss (60). Fortification 
of foods with carotene necessitates attention to stabilization. Of several 
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antioxidants tried only hydroquinone was effective. In solvent-ex- 
tracted soybean meal, carotene is more stable than in expeller-extracted 
meal and soybean lecithin favored the stability of carotene in soybean 
flour. A carotene concentrate from alfalfa was more stable than 
crystalline carotene in many products (61). Of about one hundred 
antioxidant substances studied, diphenylamine was found to have the 
greatest stabilizing effect on carotene. Not enough is known concern- 
ing the physiological effects of the substance to permit a conclusion as 
to its possible use as an antioxidant in foods (62). Carotene destruc- 
tion in milk fat, either in the absence or presence of light, was found 
to be accompanied by oxidation of the double bonds of fats. In the 
destruction of vitamin A an additional photochemical reaction is in- 
volved (63). Irradiation of milk with ultraviolet light to produce 
400 U.S.P. units of vitamin D per quart did not reduce the carotene 
or vitamin A content (64). 

Estimation of vitamin A and carotene.—Aside from a study of the 
fluorescence of vitamin A under ultraviolet radiation with the possi- 
bility in mind of using this property as a basis for a quantitative 
method, no new approaches to the problem of the rapid and accurate 
determination of vitamin A and carotene have been noted, although 
several modifications of existing methods, especially those for caro- 
tene, have been reported. 

Fluorescence of vitamin A, and A, esters in alcoholic solution, but 
not the free vitamin A alcohol, first increases then decreases under 
ultraviolet radiation. Although both processes are photochemical in 
nature, the second one is impeded by flushing with inert gases (65). 
When the vitamin A content of beef liver, determined with the quartz 
spectrograph, was compared with the potency in International Units 
estimated by bioassay, the spectro-vitamin A expressed in Interna- 
tional Units, ranged from 3 I.U. per yg. in liver containing more than 
43 pg. per gm. to 0.7 I.U. per ug. in liver containing less than 3 pg. 
per gm. Similar observations were made with pork liver. A formula 
has been prepared for the calculation of vitamin A in terms of Inter- 
national or U.S.P. units when spectro-vitamin A and carotene are 
determined (66). Methylene chloride has been found preferable to 
ether for the extraction of oil from soupfin shark livers (67). 

For U.S.P. Reference Cod Liver Oil No. 2, the average conver- 
sion factor, on the basis of the claimed content of 1700 U.S.P. units 
of vitamin A per gram, is 2280 for the unsaponifiable fraction and 
2000 for the whole oil. Conversion factors for a number of fish liver 
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oils show a decrease of 20 to 14 per cent from those obtained when 
Reference Oil No. 1 was used (68). Observations of this type empha- 
size the need for a new reference standard, a subject which has re- 
ceived excellent treatment by Hickman (69). 

For the extraction of carotene from dehydrated plant materials a 
mixture of 30 per cent acetone and 70 per cent Skellysolve B, followed 
by separation from interfering pigments on a column, is proposed 
(70). The reaction between xanthophylls and 85 per cent orthophos- 
phoric acid has been found satisfactory for the separation of these 
pigments from carotene (71). 

The importance of special care in the handling of extracts of plant 
materials is emphasized by the interesting observation that photo- 
chemical destruction of carotene occurs in the presence of chlorophyll 
in acetone or petroleum ether. Both light and chlorophyll are neces- 
sary for the reaction which has been found to be a function of time. 
Chlorophyll takes part in the reaction and does not act as a catalyst. 
Sodium cyanide partially inhibits the photochemical reaction and pre- 
vents the enzymatic destruction of carotene (72). 

A method has been described for the determination of carotene 
oxidase in seeds (73). To determine carotene in vegetable oils with- 
out saponification, a petroleum ether solution of the oil is passed 
through an aluminum oxide column to separate the pigment from 
other chromogens. Carotene is eluted with 2 per cent acetone in 
petroleum ether (74). 

Vitamin A,—In a further study of vitamin A,, liver oil concen- 
trates from Esox luctus have been prepared and, on the basis of ab- 
sorption spectra, it is concluded that only vitamin A, is present. The 
reaction products of vitamin A, and anhydro-vitamin A, with anti- 
mony trichloride show a value of about 3.0 for the ratio of E (695 mp) 
to E (620 mu). According to bioassay the concentrate had a vitamin 
A potency of 47,500 U.S.P. units per gram. Only vitamin A, was found 
in the livers of the animals used for the assay (75). 


VITAMIN D 





Mineral metabolism.—Adult male white rats on a diet very low in 
calcium and essentially vitamin D-free showed a negative calcium 
balance and their molar teeth became friable, although chemical analy- 
sis did not reveal any decalcification. Alveolar bone was decalcified, 
resorption of the alveolar crest occurred, and the teeth became loose 
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in their sockets. The incisor teeth were not affected. It is of interest 
that the average ash content of the femurs was not significantly lower 
than that of the femurs of control animals and whereas the average 
density of the humeri of the experimental animals was less, the bone 
volume was not altered. Osteoporotic bones cannot be distinguished 
from normal bones on the basis of calcium and phosphorus percentages 
but the weight of ash or calcium or phosphorus per unit volume may 
serve for this differentiation. Thus in the osteoporosis produced, bone 
substance was lost from the interior of the bone and there was a pro- 
portionate decrease in the mineral and organic portions (76). 

In a series of papers on the effect of dietary calcium, phosphorus, 
and vitamin D on the utilization of iron in the rat, Fuhr & Steenbock 
(77, 78, 79) have shown that with limited iron as ferric chloride and 
optimal calcium, slightly less hemoglobin was formed when optimal 
phosphorus was supplied as phytic acid than when it was supplied as 
phosphate. Formation of hemoglobin and storage of iron were de- 
creased when calcium was fed in excess. When the calcium and phos- 
phorus content were optimal and the iron content controlled, the 
addition of vitamin D caused an increase in hemoglobin and in total 
body iron. Neither the amount of body iron nor the rate of hemo- 
globin formation was reduced in low calcium or low phosphorus 
rickets. 

Further interest has been manifested in the comparative effect of 
vitamins D, and D,; and of dihydrotachysterol on calcium and phos- 
phorus metabolism in the chick. McChesney (80), using the produc- 
tion of hypercalcemia as the criterion, has found the ratio of effective- 
ness of vitamin D, to vitamin D, to be 16 to 1, which differs signifi- 
cantly from the ratio of antirachitic effectiveness which is frequently 
stated to be 30 or 40 to 1 as measured by the percentage of bone ash. 
Dihydrotachysterol is less effective than vitamin D, but about as effec- 
tive as vitamin D, in producing hypercalcemia. Correll & Wise (81), 
in a comparative study in which percentage of bone ash was used as 
the criterion, report that 3 I.U. of cod liver oil (11.1 mg.), 100 I.U. 
(2.5 ug.) of calciferol (vitamin D,), or 0.5 IU. (16.6 ug.) of dihy- 
drotachysterol (called also, A.T.10) met the daily requirements for 
normal mineral metabolism in the chick. Thus, when calculated as 
the ratio of antirachitic effectiveness the results confirm the vitamin 
D, : vitamin D, ratio of approximately 30 to 1 and the A.T.10: 
vitamin D, ratio is of the order of 6 to 1. Toxic manifestations 
became evident when cod liver oil was fed at about 5000 times, 
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the calciferol at about 100 times, and A.T.10 at about 10 times the 
levels necessary for normal mineral metabolism. Since A.T.10 in- 
creases serum calcium and lowers bone ash, its effect on calcium 
metabolism resembles the action of both vitamin D and parathyroid 
hormone, the same effects being shown to a lesser extent by cal- 
ciferol (vitamin D,). The toxic dose of cod liver oil containing vita- 
min D did not elevate the blood calcium. The results of these two 
experiments may be contradictory with reference to the hypercalcemic 
effect of cod liver oil vitamin D, but it is not possible to arrive at a 
conclusion in this respect because the experimental conditions dif- 
fered and McChesney expressed antirachitic potency by weight of sub- 
stance rather than by units. The latter investigator may have fed a high- 
er unitage of the vitamin in the form of vitamin D, than it was possible 
for Correll & Wise to feed in the form of cod liver oil, since substances 
other than vitamin D in cod liver oil may have caused the toxic effect. 
It has also been shown that doses of vitamins D, and Ds, of equivalent 
antirachitic effect in the chick, when administered orally maintained 
normal calcium and phosphorus metabolism, whereas with an equiva- 
lent dose of dihydrotachysterol serum calcium was lower and calcium 
and phosphorus retentions were less (82). 

The hypothesis that a high carbohydrate diet results in poor cal- 
cium retention and an increased susceptibility to dental caries has 
been subjected to experiment. In rats on a high carbohydrate—low 
calcium diet, the use of vitamin D increased the growth and the sur- 
vival period, improved appetite, increased retention of calcium and the 
calcium content of bones. These effects were not manifest when a high 
protein diet containing vitamin D was fed (83). On the same regime, 
the structure of bones and teeth was improved on both the high protein- 
low calcium and the high carbohydrate—low calcium diets when vitamin 
D was provided. Without the vitamin, the teeth were characterized 
by wide uncalcified predentin and dentin which showed globular calci- 
fication. On the vitamin D-deficient diets, the bony structures showed 
active resorption and reformation with the production of fibrous mar- 
row spaces. The spaces simulated the “osteitis fibrosa” of hyperpara- 
thyroidism (84). 

Hormone relationships.—When rats are fed a diet of yellow corn 
alone, decreased activity, low food intake, and a constant state of 
diestrus occur. All of these effects are corrected by giving the animals 
access to a solution of pure vitamin D, in vitamin and sterol-free cot- 
tonseed oil. Ultraviolet irradiation caused a less marked corrective 
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effect and vitamin A acetate and a distillate of cod liver oil free of 
vitamins A and D were essentially without effect. It is suggested that 
vitamin D, may act indirectly through stimulation of the anterior lobe 
of the hypophysis (85). Because factors other than vitamin D, are 
lacking, or occur in only small amounts, in yellow corn and because 
even after access to this vitamin full growth did not ensue, it would 
be of interest to see what results would be obtained, especially with 
regard to the estrous cycle, with rats on a synthetic type of diet con- 
taining all known dietary factors except vitamin D3. 

Calcium in the diet does not influence the size of the thyroid gland 
in the rat, but along with vitamin D calcium chloride as contrasted 
with the carbonate can act as a goitrogenic agent. The chloride may 
cause some loss of iodine which is followed by an increase in thyroid 
weight when an excess of calcium is absorbed (86). 

Massive doses of vitamin D.—Interest continues to be manifested 
in the effect of large doses of vitamin D preparations. Neither vitamin 
D, nor D; in doses large enough to cause loss of weight brought about 
an increase in blood pressure in the rat (87). Likewise in the normo- 
tensive dog vitamin D, failed to raise the blood pressure (88). Fol- 
lowing the administration of a single dose of 20,000 U.S.P. units of 
vitamin D per kilogram of body weight to the dog, the vitamin was 
found in the blood for about three months when tuna liver oil was fed 
and for about five months when either Delsterol or irradiated ergosterol 
was used. Tuna liver oil caused a mild transitory rise in blood calcium, 
Delsterol an immediate rise followed by a return to normal within a 
week, and irradiated ergosterol a prolonged rise which lasted about 
two months. The single doses provided protection against rickets for 
twelve to fourteen months. When a single massive dose, 200,000 
U.S.P. units per kilogram of body weight, was administered as Del- 
sterol, immediate prostration occurred and calcium excretion was in- 
creased. After the same number of units was administered as irradi- 
ated ergosterol the effect was less pronounced ; calcium excretion was 
not increased but serum calcium was raised more markedly. Less 
than 10 per cent of the vitamin administered could be accounted for 
in the tissues, although some did appear in the feces. Thus the question 
as to the real effect and the fate of massive doses of vitamin D prepa- 
rations remains unanswered (89). There is a need for a critical study 
in which pure vitamins D, and D, are used rather than preparations 
of high potency. In two patients with atrophic spondylitis and in two 
with degenerative arthritis of the spine, there was no primary disturb- 
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ance of calcium and phosphorus metabolism. Massive doses of acti- 
vated ergosterol (Ertron) caused an increase in urinary calcium and 
phosphorus in all patients but the effect on the calcium and phosphorus 
balance and the fecal excretion was not uniform. Demonstrable changes 
in the activity of the parathyroids or thyroid were not produced 
(90). Excess of vitamin D fed the normal or the partially nephrec- 
tomized rat did not cause a significant increase in parathyroid vol- 
ume (91). 

Mode of action of vitamin D.— Further evidence has been ob- 
tained on the mode of action of vitamin D by the feeding of single large 
doses of vitamin D to dogs along with doses of radioactive phosphorus 
(92). The results obtained support the theory that vitamin D exerts 
its effect by intensification of phosphorus turnover in bone, accom- 
panied by hyperphosphatemia and decreased visceral phosphorus turn- 
over, rather than through increased intestinal absorption of phos- 
phorus. 

Experimental rickets—In a continuation of a series of studies on 
experimental rickets in rats (93, 94, 95), Dodds & Cameron (96) 
report that rachitic rats show a subnormal growth and that the growth 
of the leg bones and vertebral column is greatly retarded on the Steen- 
bock-Black rachitogenic diet 2965. Administration of vitamin D re- 
sulted in an increase in weight and an acceleration of bone growth. 
Reduction in growth rate, as well as other features of rickets, is be- 
lieved to be due to phosphorus deficiency. 

Estimation of vitamin D.—A physical-chemical method for the de- 
termination of vitamins D in fish liver oils described by Ewing et al. 
(97) is a long step toward the solution of the problem of finding a 
substitute for, or at least an adjunct to, the expensive and time- 
consuming bioassay procedure. After separation of the vitamins D 
and sterols from vitamin A and other interfering substances by 
chromatographic adsorption, the extinction coefficient, E*% at 500 mp, 
is determined for the reaction product of the combined vitamins D and 
sterols with antimony trichloride reagent and, after another chromato- 
graphic adsorption, for the sterols alone. The vitamins D value is ob- 
tained by difference. Using a conversion factor the extinction coeffi- 
cient calculated for the vitamins D may be expressed in U.S.P. units. 
A comparison of the vitamin D potency of 51 liver oils from various 
salt-water fish, determined by the physical-chemical method, with that 
obtained by the U.S.P. bioassay procedure shows a fairly close agree- 
ment for oils whose potency is 5000 U.S.P. units per gram or higher. 
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Less satisfactory results were obtained for weaker oils. Fritz & Hal- 
loran (98) as the result of a critical study of the A.O.A.C. (Asso- 
ciation of Official Agricultural Chemists) chick assay method for vita- 
min D conclude that the mineral content and possibly the source of 
the vitamin B,-B, complex in the basal ration affect the degree of cal- 
cification. Also in their hands the ashing of green (freshly dissected) 
bones permitted the interpretation of assays as accurately as the ashing 
of dry, fat-free bones. 

Human requirements.—Much needed information concerning the 
vitamin D requirements of the young adult has been reported by 
McKay and associates (99). When young women on a well-selected 
diet (including milk, eggs, and salmon) were given approximately 
500 I.U. of vitamin D per day there was little influence upon calcium 
retention and it was concluded that the diet provided for the needs of 
the young adult for this vitamin. 


VITAMIN E 


Experimental vitamin E deficiency and metabolism—In an ex- 
cellent review, Pappenheimer (100) has pointed out that vitamin E 
plays an essential role in skeletal muscle metabolism in all species of 
mammals so far studied, including the common laboratory animals, 
and in ducklings. No satisfactory evidence has been presented, how- 
ever, that vitamin E is essential for the integrity of the nervous system. 
The author believes that the most pressing problem is to define in 
chemical terms the part that the tocopherols play in the complicated 
chemistry of skeletal muscle. 

Muscle and brain cholesterol increased significantly in vitamin 
E-deficient rats. In brain tissue the increase of free cholesterol was 
especially marked, so that in the deficient animals the esters repre- 
sented about 5 per cent and in the positive control group 35 per cent 
of the total. The changes are essentially parallel to those that occur in 
the rabbit but are not as striking, possibly because of the slow develop- 
ment of the dystrophy in grown rats (101). Using the iron-a,a’-bi- 
pyridine colorimetric method, the tocopherol content of liver tissue of 
rats and rabbits on diets high in tocopherol, on commercial dog chow, 
and on diets deficient in vitamin E was found to be for rats 42.3, 22.1, 
22.6, and for rabbits 86.8, 9.2, and 9.4 mg. per kg. The average 
values for muscle tissues were for rats 11.9, 7.5, 4.8, and for rabbits 
28.1, 8.0, and 5.7 mg. per kg. Tocopherol was not found in the urine 
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of rats on a high intake of this substance and tocopherylquinone was 
not present in liver, muscle, or urine, but considerable tocopherol was 
found in the feces (102). Increased capillary permeability in chicks 
results from the presence of highly unsaturated fatty acids in a diet 
deficient in vitamin E but the rancidity of the fat is not responsible 
for these symptoms (103). Even in the absence of microscopic changes 
in muscle fibers, the in vitro consumption of oxygen by skeletal muscle 
of young rats from vitamin E-deficient mothers was higher than that 
of litter mates protected by synthetic a-tocopherol. Similar observa- 
tions were made with chicks. In contrast to the increase observed in 
rat skeletal muscle, intake of oxygen by visceral tissue, in this case rat 
liver, could not be detected (104). 

The vitamin E content of the diet did not affect significantly the 
extent and velocity of neuromuscular regeneration in the rat following 
crushing of the tibial nerve. Likewise in the guinea pig the course of 
regeneration was not affected even by excess doses of the vitamin 
(105). In prolonged tocopherol deficiency in the rat, a marked ele- 
vation of phosphorus occurs in bone and soft tissues at nineteen 
weeks of age. This observation is of special interest in arriving at 
a better understanding of the chemistry of dystrophic muscle, because 
the increase in phosphorus parallels to a considerable extent the in- 
crease in oxygen consumption, and phosphorylation and oxidation 
are associated in muscle metabolism. Also the low creatine content 
observed in dystrophic muscle and the accompanying creatinuria (106, 
107) would suggest a release of phosphorus. A high level of vitamin 
intake caused an increase in bone phosphorus at all ages. In the soft 
tissues phosphorus was elevated in some instances but in others no 
change occurred (108). The prophylactic requirements of the rat for 
a-tocopherol for growth, reproduction, and maintenance of normal 
striated muscle are reported for a sixteen-month experimental period 
(109). 

Patrick & Morgan (110) have reported the interesting observation 
that an unidentified, fat-soluble nutrient, present in yeast and in soy- 
bean phosphatides, is necessary for the utilization of a-tocopherol by 
the chick. This observation should be given further attention because 
the results may add considerably to an understanding of the role of 
vitamin E in the animal organism. 

Clinical observations—In amyotrophic lateral sclerosis and in mis- 
cellaneous myopathies, the serum tocopherol level averaged 0.67 and 
0.61 mg. per 100 cc., respectively. When 75 to 740 mg. of tocopherol 


@2apFTB wf Af TA en,lCUrhMlUlUC Ci Sle 





vas 
vas 
cks 
liet 
ible 
ges 
scle 
that 
‘va- 
1 in 
rat 


the 
ving 
e of 
min 
ele- 
teen 
g at 
ause 
2 in- 
ition 
itent 
106, 
amin 
- soft 
'$ no 
t for 
yrmal 
eriod 


ation 
- soy- 
ol by 
cause 
ale of 


1 mis- 
7 and 
yherol 


FAT-SOLUBLE VITAMINS 429 


was administered daily, the response in the blood serum ran parallel 
to the dosage, and levels of more than 2.0 mg. per 100 cc. of serum 
were noted. Temporary favorable effects on the clinical status were 
observed only when the dose exceeded 200 mg. of tocopherol per day 
(111). Continuing his study of the role of vitamin E in pregnancy, 
Shute (112) reports that in a group of pregnancies a large percentage 
of the threatened abortions and miscarriages, in which there were 
either severe pains or considerable bleeding, was averted by the ad- 
ministration of vitamin E. A deficiency of this vitamin appears to be 
very common in pregnant women. 

Chemistry and properties of vitamin E.—As a further contribution 
in the series of outstanding papers on the chemistry of vitamin E, 
Smith & Sprung (113) report the synthesis of “phytol ketone” (6, 
10,14-trimethyl-2-pentadecanone) in excellent yield. This ketone 
makes practicable the tocopherol synthesis of Smith & Miller (114) 
and obviates the necessity of a supply of phytol, which has been a 
limiting factor in the production of a-tocopherol. Natural a- and 
y-tocopherols have been crystallized and certain properties determined, 
but attempts to crystallize natural B-tocopherol have not been success- 
ful (115). The isolation of a-tocopherol from Mangona shark liver 
oil is of interest because it shows that the tocopherols may function as 
natural antioxidants in fish liver oils as well as in oils of vegetable 
origin (116). 

Estimation of vitamin E.—By a critical study of the bioassay pro- 
cedure it has been shown that improved results are obtained by dis- 
carding rats when less than seven and more than fourteen implanta- 
tions occur, that dosing prior to mating is less effective than after 
mating, that infanticide is eliminated if assay rats are autopsied prior 
to parturition, and that vitamin E activity is adversely affected by 
lard and cod liver. oil in the basal diet during the dosing period (117). 
Further modifications have made possible the use of the iron-a-a’-bi- 
pyridine color reaction for the determination of the tocopherols in liver 
tissue, urine, and feces (102). 


VITAMIN K 


Factors affecting prothrombin activity.—Considerable attention has 
been given to factors affecting prothrombin activity and certain of the 
results are of interest in relation to vitamin K investigations. Thus, in 
a further study of the use of dilute (12.5 per cent) plasma, increased 
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plasma prothrombin activity was observed in certain clinical conditions 
—phlebitis, post-operative surgical trauma, and during childbirth— 
whereas with undiluted plasma the established normal values were 
obtained. The existence of prothrombin “activators” is suggested in 
attempting to account for this difference in clotting activity (118). 
For peripheral arterial plasma the prothrombin time is generally 
slightly in excess of that of venous plasma, but the difference is so 
slight that arterial and venous blood may be used interchangeably 
(119). It is recommended that the prothrombin clotting time be 
determined as soon as possible after the blood is obtained because 
the clotting time has been found to increase in proportion to the time 
of storage and at a given temperature the increase is a straight-line 
function of the logarithm of the storage time (120). The influence 
of the age of the organism on the vitamin K requirement and pro- 
thrombin formation has been given attention and it is concluded that 
there is very little evidence that the chick, for example, requires an 
increase of vitamin K intake with age. On the other hand, the fact 
that young chicks require 1.0 to 2.0 ug. of 2-methyl-1,4-naphthoqui- 
none per day to maintain a normal level of prothrombin may mean 
that this relatively large quantity of the factor may be necessary for 
the formation of prothrombin to meet the increase in body size and 
blood volume. Although the quantity of the factor necessary to main- 
tain a normal prothrombin level is fairly high, only about one twentieth 
of this amount is needed to protect against the hemorrhagic condition. 
During the first few days of life, the prothrombin level was found to 
rise rapidly, after which there was only a very gradual upward trend 
(121). Neither cephalin nor saline extracts of muscle tissues affected 
the coagulative behavior of plasma from chicks deficient in vitamin K 
(122). 

Intestinal synthesis of vitamin K.—The bacteriostatic effect of Sul- 
fasuxidine in young cecectomized rats, on a vitamin K-free diet, is 
sufficient to cause a high incidence of severe hypoprothrombinemia 
which can be alleviated by the administration of 2-methyl-1,4-naphtho- 
quinone. p-Aminobenzoic acid partially counteracts the inhibitory ef- 
fect of Sulfasuxidine on vitamin synthesis in the intestinal tract. Al- 
though the cecum is the important site of vitamin K synthesis, the 
vitamin can be formed in other parts of the tract (123). 

Clinical investigations.—Evidence is being accumulated that vita- 
mins C and K and the mineral supply of the maternal organism may 
be vital factors in the early growth of the embryo. Furthermore, vita- 
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mins C and K may be important factors in certain cases of threatened 
and spontaneous abortion, and a deficiency of these vitamins, indi- 
vidually or together, may be a cause of certain cases of antepartum 
bleeding and abortion (124). It is well known that low prothrombin 
in infants at birth can be prevented by giving vitamin K to mothers 
daily by mouth for a period prior to delivery. Since it is difficult to 
know when to begin the protective dosage it would be of practical 
value to know how near delivery the vitamin could be given and still 
be effective. Thyloquinone (2-methyl-1,4-naphthoquinone) in oil ad- 
ministered to the mother after the beginning of labor, and at least four 
hours before delivery, was found to be effective in the newborn infant 
and for the first week or ten days of life. Hypoprothrombinemia in 
untreated infants shows a seasonal incidence, being more frequent in 
February and March (125). 

Vitamin K-Dicumarol relationship.—tin a series of well-planned 
and well-executed researches, Link and associates have isolated the 
causative agent of sweet clover disease in cattle (126) from spoiled 
sweet clover hay (Melilotus alba), have demonstrated that it is the 
dicoumarin—3,3’-methylenebis(4-hydroxycoumarin)—and have ac- 
complished its synthesis (127). For convenience in this discussion the 
substance will be referred to by the trade-mark designation, Dicumarol. 
It is of interest in relation to vitamin K because the two compounds 
are antagonistic in their effect in the animal organism. Dicumarol 
does not affect the clotting power of either blood or plasma in vitro 
(126, 128). When ingested by the rat, Dicumarol induces hypo- 
prothrombinemia which is counteracted by vitamin K, given either 
before the anticoagulant is fed, along with it, or twelve hours after- 
ward (129). Likewise, single doses of salicylic acid will induce in 
rats a temporary hypoprothombinemia when the diet is low in vitamin 
K, in all respects like that caused by Dicumarol. When the vitamin 
is present in the diet hypoprothrombinemia does not develop as in the 
case of rats fed both Dicumarol and vitamin K (130). The degra- 
dation of 3,3’-methylenebis(4-hydroxycoumarin) to salicylic acid in 
vitro has been established (127, 131), but the group of investigators 
concerned with this study point out that 


the thesis that 3,3’-methylenebis(4-hydroxycoumarin) is metabolized in the body 
to salicylic acid and thereby exerts its hypoprothrombinemia-inducing effect ob- 
viously cannot be accepted until salicylic acid, a derivative of salicylic acid, or some 
definitive degradation product arising from either has been isolated from the tissue. 
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Further results of the study of these interrelationships and their bear- 
ing on an understanding of the mechanism of prothrombin formation 
will be awaited with interest. 

The antagonistic effects just described have been demonstrated in 
man. Shapiro and associates (132) showed that synthetic vitamin K 
in relatively large amounts counteracts or neutralizes the hypopro- 
thrombinemia caused by the smallest single effectual dose of Dicu- 
marol. In tests on a small number of patients, however, Davidson & 
MacDonald (133) found that synthetic vitamin K did not serve as an 
antidote. But more recently, these investigators (134) reported that 
as a result of an attempt to administer sufficient vitamin K or vitamin 
K-like substance in order to control large doses of Dicumarol, vita- 
min K, oxide was found to be effective in reversing the hypoprothrom- 
binemia without serious toxic manifestations. Studies in man confirm 
the observations mentioned above with regard to the rat, that salicy- 
lates induce a hypoprothrombinemia which can be prevented by vita- 
min K (135, 136). 

Phthalic acid and vitamin K activity—Shemiakin, Schukina & 
Shvezov (137) offer the hypothesis that the natural vitamins K and 
their synthetic analogues are provitamins and that their antihemor- 
rhagic activity results from an oxidative decomposition to phthalic 
acid in the animal organism. The latter compound is proposed as the 
effective antihemorrhagic agent. The conversion of highly active ana- 
logues of vitamin K to phthalic acid by heating with water and the 
observation of these investigators that the diethyl ether of phthalic 
acid has high antihemorrhagic activity have led to the proposed hy- 
pothesis. Dam (138), however, reports that neither potassium acid 
phthalate nor diethyl phthalate shows any antihemorrhagic activity. 

Miscellaneous.—A more complete study of the vitamin K, absorp- 
tion curve has revealed a new maximum at 239 mu. For pure vita- 
min K,, E%%, at 249 mu. is 435 +5. In hexane solution, at room 
temperature in the dark, the vitamin was found to be stable for as 
long as five months but it is decomposed rapidly by ultraviolet light, 
the point of attack probably being through the quinone group. Visible 
and infrared radiations had no effect (139). 

Excess vitamin K, administered to dogs in which the intima of 
veins had been traumatized mechanically, did not increase the inci- 
dence of thrombosis (140). Neither the inorganic and lipid phos- 
phorus nor the calcium of the plasma of vitamin K-deficient chicks 
differed significantly from the normal (141). 
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The antihemorrhagic activity of honey, equal to approximately 
0.25 pg. of 2-methyl-1,4-naphthoquinone per gram, was greatly re- 
duced when fed to chicks in an aqueous solution. The activity of the 
quinone was also reduced when fed in aqueous solution but was 
restored when ethyl laurate was the solvent. Likewise ethyl laurate 


restored the activity of alfalfa administered in aqueous suspension 
(142). 


A New Fat-So.Lus_Le DIETtTAry Factor 


In a group of papers published in 1935 and 1936, Wulzen & Bahrs 
(143, 144, 145) reported their studies of the effect of certain foods in 
the diet of the guinea pig on the nutritive quality of certain tissues of 
this species for planarian worms. When fresh grass or kale was added 
to a basal diet, designed to be adequate except for vitamin C, guinea 
pig tissues from animals on this diet had satisfactory nutritional prop- 
erties for the worms. On the other hand if orange juice or tomato 
juice was fed in place of the green food, the feeding of liver, heart, and 
kidney tissue produced severe dietary disease in planaria. The tissues 
became deficient for planaria after guinea pigs had been on the diet 
without green food for one month although the animals themselves 
had a normal appearance. If, however, the guinea pigs were allowed 
to remain on the diet for several months a deficiency developed which 
always proved fatal. These studies led to the conclusion that a sub- 
stance is present in fresh kale and fresh alfalfa which is essential for 
planarian and mammalian nutrition. Apparently no attempt has been 
made to isolate the factor in green plant tissue. 

Several years later, in 1941, these investigators (146) reported 
that guinea pigs fed raw milk with an addition of skim milk powder, 
copper and iron salts, carotene, and orange juice grew well and showed 
no abnormalities at autopsy. When pasteurized whole milk was used, 
deficiency symptoms began to appear, wrist stiffness being the first 
sign. The substitution of skim milk for whole milk intensified the defi- 
ciency which was characterized by great emaciation and weakness 
before death. The animals remained in normal posture and showed 
little tendency toward paralysis of the limbs. At autopsy the muscles 
were found to be extremely atrophied, and closely packed, fine 
lines of calcification ran parallel to the fibers. Also calcification oc- 
curred in various other parts of the body. When cod liver oil replaced 
carotene in the skim milk diet, paralysis developed quickly. The feed- 
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ing of raw cream cured the wrist stiffness. The deficiency symptoms 
on the milk diets are not identical with those induced by a lack of 
green food in the diet, although the two deficiencies may have some 
features in common. In a continuation of the study of the factor in 
raw cream, van Wagtendonk & Wulzen (147) reported in 1943 that 
vitamin E would not cure or prevent the deficiency, although the 
symptoms resembled those due to a lack of this vitamin, and the “grass 
juice factor” (148) was also ineffective. Gouley (149) reported that 
raw cream contained methyl vinyl ketone and that this substance was 
the curative factor, but the presence of the ketone was not confirmed by 
van Wagtendonk & Wulzen. A dosage of 5 mg. of the synthetic ketone 
per day for six days cured the wrist stiffness but was very toxic. 

Using the disappearance of wrist stiffness as the criterion, van 
Wagtendonk & Wulzen have defined one guinea pig unit (U.) as 
follows: ‘a solution of an active fraction in Wesson oil contains one 
unit per cc. if, when 1 cc. is administered daily for five consecutive 
days to a sick animal, it cures the affected animal in this time... .” 
The cure refers to the disappearance of wrist stiffness. 

Starting with 15 gallons of raw cream whose potency was 1 U. 
per gm., and containing a total of 51,000 U., these workers obtained 
3 mg. of concentrate whose potency was 10,000,000 U. per gm., a re- 
covery of 30,000 of the original 51,000 U. The steps of the isolation 
procedure included saponification and extraction with ether and were 
of such a nature as might be expected to yield a substance with fat- 
soluble properties. The operations were carried out in an atmosphere 
of nitrogen because heating cream in the presence of oxygen destroys 
the factor. 

The substance is reported to have a molecular weight of about 
200 and to contain a carbonyl group, although on the basis of the 
papers available to the reviewer the evidence for these conclusions 
is not clear. 

Because of the rapid advances which have been made in our knowl- 
edge of the role of specific substances in mammalian nutrition, it would 
seem advisable to determine whether the deficiency symptoms appear 
when guinea pigs are fed a diet of the synthetic type in which all of the 
known essential nutrients have been supplied in liberal quantities and 
whenever possible as chemical entities. Since the symptoms in the 
guinea pig resemble those due to a lack of tocopherol, although this 
factor did not cure or prevent the deficiency disease, attention should 
be given to the recent report by Patrick & Morgan (110) that an 
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unrecognized fat-soluble substance is present in yeast and in soybean 
phosphatides which is necessary for the proper utilization of vitamin E 
by the chick. 

Whether the dietary essential reported by Wulzen & Bahrs to be 
present in green food and that in cream are identical is yet to be 
demonstrated. 
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By W. H. SEBRELL 
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Bethesda, Maryland 


From the standpoint of the relation of nutrition to human welfare 
one of the most important activities ever instituted was begun by the 
United Nations Conference on Food and Agriculture at Hot Springs, 
Virginia, in May 1943 (1). This conference at which forty-four na- 
tions were represented accepted the principle that governments indi- 
vidually and collectively must assume the responsibility for seeing that 
the people of the world have an opportunity to obtain a food supply 
adequate for health, and that agricultural policies should be directed 
toward this end. The conference consisted of three sections. Section 
I dealt with consumption levels and requirements; Section II con- 
sidered expansion of production and adaptation of consumption 
needs; and Section III dealt with facilitation and improvement of 
distribution. 

The deliberations of Section I are of especial interest to nutri- 
tionists. It was pointed out that the diet of large sections of the 
population in all countries does not attain the level needed for health 
and that a vast increase in food production in every country will be 
necessary to provide the food needs of mankind. The table of “Rec- 
ommended Dietary Allowances” of the National Research Council 
(2) was recognized as an example of a yardstick which can be applied, 
for limited groups, on a family basis, on a national basis, or to the 
world as a whole. This table was reproduced in part in the Annual 
Review of Biochemistry (2a). For the sake of completeness and ease 
of reference, it is given here (see pages 442-43) in its com- 
plete form including recommendations which were adopted in 
1942. 

In order to make practical use of the “Recommended Dietary Al- 
lowances” it is necessary to translate them into terms of food com- 
modities. Although the nutritive requirements may have world-wide 
application a set of food commodities has limited application, and in- 
numerable combinations of individual foods may be devised to form 
a nutritionally adequate food supply to meet varying tastes and re- 
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sources. The foods of the world were grouped into the broad cate- 
gories of 
I. Grain products 
II. Vegetables and fruits 
a. Starch-rich roots, tubers, or fruits 
b. Leguminous seeds 
c. Leafy, green, yellow vegetables 
d. Vitamin-C-rich fruits 
e. Other vegetables or fruits 
III. Milk fluid, powdered or evaporated, cheese, or in various other 
forms 
IV. Meats, fish, poultry, and eggs 
V. Fats and oils 
VI. Sugar, syrups, molasses, honey, and sweet preserves 
VII. Beverages ; condiments, sauces, salts 


The Conference gave two examples of the many possible food 
groupings based on the table of “Recommended Allowances” which 
are adequate provided reasonably good nutritional choices are made 
within each food group (Table II). Plan I is meant to be relatively 
economical, with plan II relatively costly. 


TABLE II 
KILOGRAMS PER PERSON PER YEAR 
Food Groups Plan I Plan II 
88 
240 (liters) 
68 
6 
43 
Leafy, green, yellow vegetables 70 
Other vegetables and fruits 88 
Meats, fish, poultry 54 
276 (numbers) 
16 
23 


It was recognized that in practice it is often necessary to adjust 
dietary recommendations to existing economic and agricultural reali- 
ties and that the task of nutrition experts is to make recommendations 
for improved agricultural and economic policies in accordance with 
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the recommended allowances. In the poorer countries of the world it 
is not enough to recommend diets which are just sufficiently satisfac- 
tory to prevent serious malnutrition. While this may be expedient at 
times, improved diets above such unsatisfactory levels should be in- 
sisted on in all possible circumstances. Aspects of nutrition education 
were discussed, public health and sociological aspects were considered. 
Boudreau (3) in discussing the effects of the recommendations on this 
country points out that one of the first things that must be done is to 
establish a national nutrition organization if one does not now exist to 
guide food and nutrition policy but not to administer it. According 
to the Conference recommendations this national nutrition organiza- 
tion will among other things exchange information and experiences 
with other national nutrition organizations, send representatives to 
meet regularly with representatives of other national nutrition or- 
ganizations, report on results of dietary and nutrition studies, and on 
the success in raising the national level of food consumption. Bou- 
dreau states that ‘““The conference painted a picture of how common 
men and women would profit in diet and health in a post-war world 
in which nations would act together for the welfare of all.” Parran 
(4) has presented the results of the conference from the health point 
of view. He calls attention to the reports presented from every con- 
tinent pointing to a world-wide under-consumption of food leading to 
malnutrition and deficiency disease. Nutrition links public health with 
agriculture and because medical and health administrators can con- 
tribute a knowledge of the existence of malnutrition and its elimina- 
tion they have a great responsibility in the field of nutrition. Parran 
states that “any advance in health through better nutrition will de- 
mand the full collaboration of public health and agricultural authori- 
ties.” The Conference set up an interim commission to function until 
a permanent commission is set up. Thus a continuing organization 
should insure that the results of the conference will actually be trans- 
lated into international action. If the agreeing nations will now ade- 
quately implement the continuing commission the first step has been 
taken toward accomplishing one of the greatest advances in health and 
agriculture that the world has ever seen. 


NUTRITION, PuBsLic HEALTH, AND INDUSTRY 


During the year there has been a growing consciousness of the 
important relation between health and nutrition. The world-wide dis- 
tribution of the deficiency diseases was indicated in a review of the 
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available medical reports by Sebrell (5, 6) who also points out some 
of the public health aspects of nutrition. Additional dietary survey 
work has continued to indicate that large numbers of people in this 
country have a nutritional status below the National Research Coun- 
cil’s recommended allowances. Youmans, Patton & Kern (7) in one 
of a series of papers covering extensive studies of a large population 
group in Tennessee found a serious deficiency in calories on the basis 
of the recommended allowances, accompanied by a significant and 
often severe deficiency in mean body weight although all subjects were 
not abnormally underweight. They suggest that the deficiency in 
calories is not as great as it appears and that this may be due in part 
to the recommended standards being too high. Youmans, Patton et 
al. (8) in a later paper on the protein status found frequent and 
severe deficiencies in intake and a significant incidence of protein de- 
ficiency as manifested by a hypoalbuminemia. The remainder of the 
papers in this series should be of equally great interest to students of 
nutrition. Phipard (9) points out, however, that the data show a 
general dietary improvement in the United States for 1942 over 1936, 
and Stiebeling (10) in a review of the adequacy of American diets 
gives the per capita consumption of various types of foods in this 
country over a period of about forty years and compares the dietary 
situation in the early 1940’s with that of the middle 1930’s. For eco- 
nomic reasons it seems possible that at least one family in every seven 
that had poor diets in 1936 was able to obtain a fair or good diet in 
1941. Activities such as the food stamp program, direct food distri- 
bution, government aided milk and school lunch programs, as well as in- 
creased public interest and education in nutrition, all tended to improve 
diets. Stiebeling points out that for 1942 if the agricultural goals 
were obtained and no unforeseen demands beyond those of early 1942 
developed the per capita consumption of domestically produced foods 
can be maintained at a level as high as or higher than in the recent 
past. 

Manning & Milam (11) in a survey of youths in North Carolina 
under the National Youth Administration found 85 per cent of the 
boys admitted in a twelve-month period had unsatisfactory levels of 
plasma ascorbic acid (below 0.6 mg. per cent). Only 12 per cent 
showed low plasma levels of vitamin A (less than 70 I.U. per 100 cc.). 
Nicotinic acid saturation tests carried out on 53 youths gave a value 
between the levels of a group of normal adequately nourished indi- 
viduals and another of unselected hospital admissions. 
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A nutrition survey in East York Township, Canada, by Riggs, 
Perry et al. (12) is of particular interest because it points out the 
doubtful value of several specific tests and the urgent need for the 
development of reliable methods for nutritional examinations, par- 
ticularly for the subclinical states. This survey was made on 546 
students in the East York Collegiate Institute. An evaluation of food 
consumption showed a low consumption of foods containing thiamin 
and ascorbic acid. Although 75 per cent of the girls and 80 per cent 
of the boys had calculated intakes of less than 50 mg. of ascorbic acid 
daily there were no cases of marked gingivitis or other evidence of 
ascorbic acid deficiency. Dental conditions were unsatisfactory. No 
symptoms that could be attributed to thiamin deficiency were ob- 
served. The nutritional status, as judged by a thorough physical ex- 
amination, and the health of most of the students were good. Attempts 
to correlate the findings were unsatisfactory and the authors conclude 
that the assessment of nutritional status in a large group is at present 
difficult, if not impossible, when definite clinical signs of deficiencies 
are absent. 

The data in the above studies make clear the need for better meth- 
ods of early recognition of the mild symptoms of these conditions and 
the increasing need for the use of medical and public health personnel 
in determining the real prevalence of deficiency diseases. 

Winters & Leslie (13) in a study of a small group of low income 
women in Texas found severe deficiency in intake of calories, protein, 
minerals, and vitamins. They also found a fairly close correlation 
between the analytical data and the finding of physical evidence of 
deficiency, with the exception of thiamin. No severe cases of de- 
ficiency were found and these authors also suggest the possibility that 
the “Recommended Dietary Allowances” for the sedentary women 
have been placed_too high. Hardy, Spohn et al. (14) in a study of 
more than 7,000 children in Chicago found 60 per cent with physical 
manifestations suggestive of poor nutrition, while 67 per cent of the 
white children and 89 per cent of the negroes failed to meet a minimum 
adequate dietary standard. Kelly & Sheppard (15) from dietary and 
questionnaire data in a group of about 450 adults of upper income 
level found 76 per cent deficient in thiamin and 77 per cent in ribo- 
flavin. Harris, Weeks & Kinde (16) studying 760 children between 
the ages of nine and twelve living in small Michigan communities 
found on a conservative basis that 50 per cent had low plasma ascorbic 
acid, 50 per cent had avitaminosis A by biomicroscope, 53 per cent 
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showed ariboflavinosis by biomicroscope, and 39.7 per cent had low 
hemoglobin values. The addition of an especially prepared dehydrated 
soup to the diet of 426 children for three months showed a significantly 
greater improvement in ascorbic acid and iron status, no significant 
improvement in weight and riboflavin status, and no change in height 
or vitamin A status as compared with a control group. 

Sebrell & Wilkins (17) have stressed the need for closer co-opera- 
tion between health authorities and nutrition workers and indicated 
the role health departments can play in such activities. Kendrick (18) 
has described the operation of such a program in North Carolina and 
Amyot (19) reported on the operation of nutrition programs in 
Canada. 

The interest in nutrition programs naturally has led to more at- 
tention to the possible effects of malnutrition on physical fitness, 
health, and production of industrial workers. A review of the subject 
of physical performance in relation to diet with more than 400 refer- 
ences was published by Keys (20) who points out that although there 
is little question that physical performance is hindered when real de- 
ficiencies exist the real problem is what can be done by dietary meas- 
ures to improve the performance of persons who are not clearly 
malnourished. The literature although voluminous does not furnish 
a satisfactory answer and work done during 1943 still does not solve 
the problem. Harper, Mackay et al. (21) in a study of sixty-nine 
British university students, comparing the effects of supplements of 
vitamins A, C, and D with controls, found a greater increase in resting 
vital capacity, in breath holding, and in endurance times measured by 
ability to maintain a column of mercury at 40 mm. by steady expira- 
tion in the vitamin supplemented group. This group also had a faster 
resting pulse rate. 

Jenkins & Yudkin (22) studying 178 children, about half of whom 
were given vitamin supplements every school day for one year, did 
not find any difference in resting pulse rate, vital capacity, breath hold- 
ing, and endurance tests from the half receiving control pellets. They 
conclude that the reason no difference was seen may have been that the 
children were not initially deficient in the supplementary nutrients. 

In a study of the possible effects of thiamin on performance, Keys, 
Henschel et al. (23) were unable to demonstrate any benefit in healthy 
young men on about 3,000 calories per day from an intake of more than 
0.23 mg. of thiamin per 1,000 calories over a period of about three 
months. Williams, Mason et al. (24) observed severe weakness and 
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anorexia in two volunteers on a thiamin intake restricted to 0.1 mg. 
per 1,000 calories. Polyneuropathy became clearly apparent after 110 
days. Barborka, Foltz & Ivy (25) studying four medical students on 
a vitamin B complex deficient diet, using a bicycle ergometer, observed 
fatigue, anorexia, and other subjective symptoms (without any objec- 
tive evidence of deficiency disease) with a decreased work output which 
was restored to efficient levels by vitamin B complex supplementation. 
The thiamin intake was 0.65 mg. and the riboflavin intake 0.94 mg. 
A possible explanation for some of the apparent discrepancies in former 
work with thiamin was suggested in an important paper by Najjar & 
Holt (26). Nine adolescent male volunteers were given gradually re- 
duced thiamin intakes over a period of many months. Eventually 
after an intake of 0.1 to 0.2 mg. per day for months thiamin was 
omitted entirely from the diet. Four of the nine subjects then showed 
no signs of deficiency during a seven weeks’ observation period. In 
spite of the demonstration that the diet contained no thiamin, each of 
these subjects had large quantities of free thiamin in the feces. The 
authors show that the intestinal bacteria were the source of this thia- 
min. This work in addition to offering a possible explanation for 
variations in clinical results on different dietary intakes of thiamin 
also opens up a new field of investigation, namely, a study of the effect 
of diet composition on intestinal bacterial vitamin synthesis and the 
role of this synthesis in meeting human vitamin requirements. 

The possibility of dietary inadequacy adversely affecting work out- 
put in industry and the possibility that food as served in industrial 
plants may have undergone important nutritive losses in preparation 
have led to considerable investigation in these fields. Wiehl (27) ob- 
served in a survey of the diets of more than a thousand workers in a 
large aircraft factory that more than 87 per cent of the diets studied 
fell below the National Research Council’s Recommended Allowances. 
Borsook, Alpert & Keighley (28) studying 1,173 aircraft workers 
found, according to the criteria used, nearly all with evidence of vita- 
min A deficiency; 17 to 26 per cent with thiamin deficiency ; 9 per 
cent with oral and 35 per cent with ocular lesions associated with ribo- 
flavin deficiency ; 2.1 per cent with severe niacin deficiency ; 32 per 
cent with plasma ascorbic acid of less than 0.4 mg. per cent, and ap- 
proximately 11 per cent were anemic. Goodhart (29) in a study of 
food as served found that as much as 90 per cent of the thiamin 
present in the fresh raw food was lost before the food was eaten. 
Stiebeling (10) has indicated that estimates of dietary adequacy may 
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give an overly optimistic result unless the losses in preparation and 
cooking of foods are taken into consideration. In a study of the effect 
of cooking on the vitamin retention in fresh pork McIntire, Schweigert 
et al. (30) found losses in thiamin of from 30 to 50 per cent in the 
meat itself, depending on the method of cooking ; nicotinic acid losses 
were from 15 to 35 per cent, and riboflavin 15 per cent. In a further 
study of fresh, fresh-stored, and cured hams, Schweigert, McIntire & 
Elvehjem (31) found an average retention in the meat alone after 
roasting of 58 per cent of the thiamin, 79 per cent of the nicotinic acid, 
and 75 per cent of the riboflavin. Ten to 15 per cent of each was found 
in the drippings from roasting and frying. A higher retention of thia- 
min in the meat was found after frying as compared with roasting, 
braising, and broiling. A portion of the losses was found in the drip- 
pings. The nicotinic acid content of a number of vegetables, legumes, 
and fruits, using the microbiological assay method, was determined by 
Russell, Taylor & Beuk (32). The liquid associated with the canned 
vegetables contained from 30 to 40 per cent of the total nicotinic acid. 
During cooking, losses varied from 8 per cent in fresh legumes, to 22 
per cent in leafy plants. The cooking water contained from 2 to 41 
per cent of the total nicotinic acid. Oser, Melnick & Oser (33) ob- 
served the losses in five vitamins and three minerals from peas, po- 
tatoes, carrots, and broccoli with two different methods of cooking. 
Variable and in some instances very large losses of vitamins (aver- 
aging 31 per cent) occurred. The cooking method using minimal 
amounts of water and minimal loss of steam resulted in the greatest 
conservation. Cheldelin, Woods & Williams (34) observed losses, due 
to cooking, of riboflavin, nicotinic acid, pantothenic acid, biotin, inositol, 
and folic acid in thirty foods. Microbiological assay methods were 
used. Variable losses from negligible to moderate were found except 
for folic acid. Losses of folic acid were very great for most foods. 
Heller, McCay & Lyon (35) determined the losses in vegetables in a 
large industrial cafeteria under actual operating conditions. They 
found losses in thiamin of 16 to 64 per cent, niacin 2 to 61 per cent, 
riboflavin 22 to 45 per cent, and ascorbic acid 27 to 90 per cent. These 
same workers (36) found that the noon meal in one cafeteria in a 
Navy Yard furnished at most only one-fourth of the day’s require- 
ments for riboflavin, niacin, and thiamin. Dry brewers’ yeast was 
used as a method of supplementation. 

Bing (37) is of the opinion that additional properly planned experi- 
ments must be run by competent investigators to determine the im- 
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portance of nutrition in industrial production. He points to the im- 
portance of improved lunchroom facilities, properly prepared foods, 
and the use of educational material. Cowgill (38) has presented some 
of the important aspects of industrial nutrition and cites some of the 
activities now being carried out. It is obvious that the proper feeding 
of industrial workers is a problem of great importance especially with 
a controlled food distribution. It is also clear that although there are 
still not enough data to show precisely the effects of slight degrees of 
malnutrition on industrial production or the extent of malnutrition 
among industrial workers in this country, the indications to date are 
that the problem is one of great magnitude. Therefore, it has been nec- 
essary to institute a national nutrition program for industry. Goodhart 
(39) has reviewed the mechanism of this program which already is 
underway. This program is designed now to cover the furnishing of 
adequate food, equipment, and manpower to war industries for a good 
food service, to improve methods of preparation and serving so that 
nutrients will not be lost in unduly large amounts, and to furnish 
nutrition educational material designed to improve food selection. 

The possible loss of vitamins in sweat as a factor in industrial 
nutrition and vitamin requirements under tropical conditions led to a 
study of this subject. Tennent & Silber (40) determined the excre- 
tion of ascorbic acid, thiamin, riboflavin, and pantothenic acid in both 
thermal sweat and sweat induced by exercise. No ascorbic acid was 
found and the average loss of dehydroascorbic acid was 0.23 mg. In- 
significant amounts of thiamin were excreted. The average excretion 
of riboflavin was 10 pg. per hour and of pantothenic acid 25 pg. per 
hour. Losses of thiamin, riboflavin, and pantothenic acid were not 
greatly influenced by dosing the subjects with vitamins. Similar re- 
sults were obtained by Cornbleet, Kirch & Bergeim (41) who deter- 
mined thiamin, riboflavin, niacin, and pantothenic acid in thermal 
sweat. They found values per liter of sweat of thiamin 150 ug., of 
riboflavin 120 yg., of pantothenic acid 300 pg. and of nicotinic acid 
200 ug. They note that these values may be high for sweat as excreted 
because of concentration due to evaporation on the skin. The adminis- 
tration of the vitamins did not lead to any noticeable increase in secre- 
tion in the sweat. Mickelsen & Keys (41a) also found negligible losses 
of thiamin, riboflavin, ascorbic acid, and nicotinic acid in sweat. The 
values are so low that the losses of these substances by this route are 
of little or no practical importance unless sweating is very profuse or 
the diet low in these vitamins. 
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VITAMINS AND SULFONAMIDE DRuGS 


Several important contributions in this field appeared in 1942. It 
was shown that various sulfa drugs produced vitamin deficiencies in 
experimental animals on purified diets and efforts were made to deter- 
mine whether the observed effects were due to interference with bac- 
terial vitamin synthesis in the intestine. The active interest in these 
relationships continued during 1943. Gant, Ransome et al. (42) ob- 
served a decrease in E. coli in the feces and cecum of rats receiving 
sulfaguanidine and succinylsulfathiazole. Supplementation with liver 
extract or a crude “folic acid” concentrate resulted in maintenance of 
normal growth of the animals. Lewis, Ham & Jensen (43) found the 
death rate in chickens on an adequate ration with sulfaguanidine to be 
less than half that occurring when a purified ration was used and a 
mixture of p-aminobenzoic acid, thiamin, and riboflavin or a suspen- 
sion of E. coli were administered with the drug. Newmann, Krider & 
Day (44) confirmed the previous observation of Daft, Ashburn & 
Sebrell (45) that rats on purified diets containing succinylsulfathiazole 
developed biotin deficiency. West, Jefferson & Rivera (46) showed 
that pantothenic acid deficiency occurred in rats on a purified low 
casein diet containing sulfapyridine. The deficiency was reversible by 
the addition of pantothenic acid. They also state that retardation of 
growth under these conditions could be partially corrected by either 
l-cystine or dl-methionine. Daft, Endicott et al. (47) produced vita- 
min E deficiency in rats on purified diets with succinylsulfathiazole. 

In 1942 it had been shown by Spicer, Daft et al. (48) that rats on 
purified diets given sulfanilylguanidine or succinylsulfathiazole devel- 
oped granulocytopenia and leukopenia which could be prevented or 
successfully treated by dried liver or certain liver extracts. This find- 
ing was confirmed by Axelrod, Gross et al. (49). Kornberg, Daft & 
Sebrell (50) also observed severe granulocytopenia and anemia in rats 
on purified diets fed sulfathiazole, sulfadiazine, or sulfanilamide. These 
blood dyscrasias also were corrected by liver extracts and late in the 
year Daft & Sebrell (51) reported the successful treatment of the 
granulocytopenia and leukopenia with solutions of crystalline “folic 
acid.” Totter & Day (52) had previously stated that xanthopterin was 
effective in alleviating leukopenia in rats given succinylsulfathiazole. 
Others however were unable to confirm this observation (49, 51). 
Totter, Shukers et al. (53) also observed leukopenia and anemia in 
monkeys, with restoration of hemocytopoietic function in an animal 
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with heated liver and xanthopterin. They suggest that xanthopterin 
is necessary for the monkey but that unidentified substances are also 
necessary to prevent vitamin M deficiency. Wright & Welch (54) 
working with incubated liver slices observed an increase in the forma- 
tion of “folic acid” by the addition of synthetic xanthopterin and sug- 
gest that xanthopterin or a substance derived from it may constitute 
a portion of the folic acid molecule. 

O'Dell & Hogan (55) working with a previously observed anemia 
in chicks found that sulfaguanidine increased the incidence of the 
anemia which responded to a beef liver fraction containing a substance 
designated as vitamin B,. Pfiffner, Binkley et al. (56) reported the 
isolation of this substance from liver and the formation of the methyl 
ester which can be converted back to the crystalline acid. They also 
state that the substance is probably identical with Peterson’s eluate 
factor and Williams’ folic acid. Stokstad (57) reported the isolation 
of a substance from liver which appears to be identical with that of 
Pfiffner et al. They also isolated a material apparently closely related 
to it from yeast which had only half the growth activity for S. lactis R. 
The isolation of another bacterial growth factor was also reported by 
Keresztesy, Rickes & Stokes (58). This substance differs from “‘folic 
acid” in that although it will replace “folic acid” as a growth factor for 
S. lactis R., it is inactive for L. casei E. The possible chemical and 
biological interrelationship of these substances remains to be deter- 
mined. The terminology is at present confused and unsatisfactory ; 
this should be clarified when further information on the chemical struc- 
ture is available. 

Interesting data in the field of vitamin interrelations were presented 
by Wright & Welch (59) who found that the addition of succinylsul- 
fathiazole to purified diets containing pantothenic acid results in 
changes interpreted by them to be evidence of pantothenic acid de- 
ficiency accompanied by reduction in the pantothenic acid content of 
the liver. These changes, however, were not corrected by pantothenic 
acid but were corrected by including crystalline biotin and “folic acid” 
concentrates in the diet. Welch & Wright (60) also found inhibition 
of growth and increased prothrombin time, and related the mechanism 
to the effect of succinylsulfathiazole on bacterial activity in the in- 
testine. Working with the nutritional requirements of monkeys, 
Saslaw, Wilson et al. (61) reported a leukopenia which responded 
to administration of a yeast residue containing “folic acid” together 
with unidentified substances. Waisman, Rasmussen et al. (62) also 
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working with monkeys observed leukopenia and anemia among other 
changes. The normal blood picture was maintained by liver or certain 
liver extracts. Waisman & Elvehjem (63) then showed that the leuko- 
penia was quickly alleviated by the administration of an impure “folic 
acid” preparation. 

All of the above work indicates that our knowledge is incomplete 
and the field is still a fertile one for research. Lesions in the arteries, 
heart, and liver of unexplained etiology have been reported by Ash- 
burn, Daft et al. (64). The widespread use of drugs which may affect 
intestinal bacteria or body metabolism and which also may produce a 
variety of toxic effects offers a field of possible practical application 
which may be of the greatest importance. Holmes (65) has reported 
an increased excretion of ascorbic acid in patients given sulfathiazole. 


NUTRITION OF BACTERIA AND PROTOZOA 


The nutrition of bacteria has attracted special attention. The 
amazing effect of minute amounts of essential nutrients on bacterial 
growth had led to work on the nutritional requirements of bacteria 
and the use of the growth of organisms on synthetic media as a means 
of assay for the constituents of the media. 

Berkman (66) cultivated members of the genus Pasteurella on a 
hydrolyzed gelatin basal media by the addition of nicotinamide and 
pantothenic acid. They also found that nicotinic acid could not sub- 
stitute for the amide. McCullough & Dick (67) showed that certain 
strains of Brucella grown on synthetic media require certain concen- 
trations of thiamin, nicotinic acid, calcium pantothenate, and biotin. 
Johnson & Rettger (68) compared the nutritional requirements of 
Salmonella typhosa, S. pullorum, and S. gallinarum and found that 
only strains of S. gallinarum required the addition of thiamin. Under- 
kofler, Bantz & Peterson (69) found that A. suboxrydans requires 
pantothenic acid, p-aminobenzoic acid, and nicotinic acid but synthe- 
sizes riboflavin and biotin. Bovarnick (70) reported that heating 
asparagine and glutamic acid together in neutral solution at 100°C. 
for several days forms a substance which can replace nicotinamide 
in promoting the growth of B. dysenteriae, Staphylococcus aureus, 
and L. arabinosus. She also showed (71) that biological assay with 
L. arabinosus and chemical assay by cyanogen bromide and aniline 
indicate that the substance formed probably is nicotinamide. In a later 
paper (72) it was demonstrated that the reaction is promoted by aera- 
tion and accelerated by manganese and iron salts. The ammonium 
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salts of a few dibasic acids (aspartic, a-ketoglutaric, maleic, and malic) 
when heated with glutamic acid produced slight nicotinamide activity 
although the sodium salts were completely inactive. A number of 
amino acids and non-nitrogenous dibasic acids (methionine, proline, 
glutaric acid, etc.) were also found to be capable of substituting for 
glutamic acid in the reaction although all were less active with the 
exception of methionine. The only effective substitute for asparagine 
yet found is glutamine. 

Landy, Larkum & Oswald (73) demonstrated that although sev- 
eral organisms require p-aminobenzoic acid for growth a number of 
genera grown on media free of p-aminobenzoic acid are able to synthe- 
size this substance, this fact indicating that it is an essential metabolite 
for bacteria. Landy, Larkum et al. (74) also showed that strains of 
S. aureus which had been made sulfathiazole-resistant produced 70 
times as much p-aminobenzoic acid as the non-resistant parent strains. 
Tepley, Axelrod & Elvehjem (75) found an acid labile material in 
grass juice and a liver extract distinct from p-aminobenzoic acid which 
counteracts sulfapyridine bacteriostasis of L. arabinosus. Properties 
of this material were similar to those reported for “folic acid” concen- 
trates. Dorfman & Koser (76) observed that sulfapyridine and sulfa- 
thiazole in contrast to sulfanilamide would inhibit the nicotinamide 
stimulated respiration of B. dysenteriae grown on a medium deficient 
in nicotinamide. This inhibition could not be reversed by p-aminoben- 
zoic acid. 

Interest in the nutrition of protozoa has been stimulated because 
of the possible relationship to the development of the malaria parasite. 
The nutrition of protozoa was the subject of an extensive review by 
Doyle (77) who points out that our knowledge of the metabolism of 
representative protozoa is still fragmentary. Notable species and strain 
variations in requirements for fatty acid metabolism, nitrogen, plant 
hormones, and vitamins have been found. The nutritional requirements 
of these forms appear to be very complex and numerous specific nutri- 
ents are required. Since the phylum contains types which vary from 
chlorophyll-bearing plant-like forms to those which seem to require 
living particulate food, wide variations in nutritive requirements are 
to be expected. Doyle points out that these specialized requirements 
have demonstrated interesting evolutionary relationships. A detailed 
review of the growth factors for protozoa by Hall (78) indicates our 
lack of knowledge concerning their nutritive requirements. There is 
no conclusive evidence that protozoa synthesize vitamins although this 
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has been taken for granted in the case of the plant-like flagellates. Hall 
tabulates the data both on the thiamin requirements of the plant-like 
flagellates and the vitamin and other growth factors required by the 
higher protozoa. He also discusses the interesting field of unidentified 
growth factors essential in protozoan metabolism. Peterson (79) has 
observed four growth factors necessary for the ciliate protozoan col- 
pidium which have properties different from those of the well-known 
vitamins. He has designated these factor B, factor F,, factor F., and 
factor IV. All of these factors are contained in yeast. No growth was 
obtained using proteose-peptone which contained riboflavin, panto- 
thenic acid, and thiamin. Garnjobst, Tatum & Taylor (80) found 
that Colopoda d-odenaria requires the intact pantothenic acid mole- 
cule, riboflavin, tmemin, pyridoxine, and nicotinamide as well as un- 
identified heat-stable growth factors. 

Trager (81) studying avian malaria showed that P. lophurae in 
ducks remained at a high level longer, and more died among the 
biotin deficient birds than among the controls. Chickens with slight 
biotin inadequacy also developed more severe infections than those 
given more nearly adequate amounts of biotin. Biotin deficient ducks 
infected with P. cathemerium had infections that persisted for several 
days after the blood of the controls was virtually free of demonstrable 
parasites. Several of the biotin deficient ducks died from the infection. 
In ducks infected with P. lophurae there was an increase in the biotin 
level in both plasma and red blood cells which returned to normal by 
the eighth day after inoculation. Trager (82) in further studies on 
the malaria parasite P. lophurae succeeded in obtaining survival of the 
parasite in vitro for about two weeks in a medium to which calcium 
pantothenate had been added. In the absence of added pantothenate 
no exflagellants were seen after the fifth day, but added pantothenate 
exflagellants persisted for twelve to sixteen days. No consistently 
favorable result was observed with biotin or a mixture of thiamin, 
pyridoxine, nicotinic acid, and riboflavin. 


NuTRITION, REPRODUCTION, AND LACTATION 


There have been numerous studies designed to yield information 
on the effect of nutritional status on fertility, mother, and offspring. 
Although considerable progress has been made there is still need for 
much additional work in order to determine the exact nutritive factors 
involved in obtaining maximum fertility, best status of the mother, 
and healthiest offspring. Foster, Jones et al. (83) working with mice 
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raised a colony to the fourth generation on highly purified diets in 
which all the vitamins, essential fatty acids, and salts were supplied 
as chemically pure compounds. Fertility was good but growth was 
subnormal and the mortality rate was higher than stock animals. They 
conclude that the diet is inadequate in some respect and that the addi- 
tion of 2 per cent of a liver extract would not completely correct it. 
Taylor, Pennington & Thacker (84) found that the addition of cal- 
cium pantothenate to a commercial dog chow fed to rats and mice 
increased the average litter size in a group of 60 litters by 24 per cent 
over a group of 58 control litters. The brain and heart weights of 
day-old rats were relatively less in the pantothenate supplemented 
group. The great importance of calcium was indicated in a study by 
Boelter & Greenberg (85). These workers found that rats reared 
from weaning on a diet containing about 10 mg. of calcium per 100 
gm. of food failed to mate and mothers transferred to a low calcium 
diet showed a marked decrease in fertility. Pregnancy did not cause 
a great drain on the calcium stores of the mother but lactation reduced 
the skeletal calcium. Young that were able to survive were almost 
normal at birth except for low bone calcium. 

One of the most interesting developments has been the work on 
the effect of inadequate nutrition on congenital malformations. War- 
kany, Nelson & Schraffenberger (86) in a continuation of previous 
studies showed that congenital malformations in rats fed a deficient 
diet could be prevented by the addition of liver or an alcoholic liver 
extract. The addition of liver after the fourteenth day of gestation 
would not afford complete protection, and it is concluded that the 
developmental period between the thirteenth and fourteenth day is 
the critical period in which the nutritional factor exerts its influence. 
These same authors in a further study of the nature of the congenital 
malformations (87) observed that the defects of ossification producing 
syndactylism, shortening and curving of the tibia, fibula, ulna, and 
radius, feet pointing backward and inward, and other changes are 
secondary results due to defects which date back to the cartilaginous 
or precartilaginous stage of the structures affected. Warkany & 
Schraffenberger (88) found that these changes occurred when a syn- 
thetic diet deficient in riboflavin was used and Warkany (89) reported 
that the defects failed to appear when riboflavin was included in the 
diet. It thus appears that riboflavin through some effect at the carti- 
laginous or precartilaginous stage of skeletal development is the essen- 
tial factor involved in these congenital malformations. 
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The extent to which nutrition may affect the course of human 
pregnancy and infant well-being has not yet received the full investi- 
gation which the subject deserves. Ebbs (90) has reviewed the nutri- 
tive requirements in pregnancy and lactation. He points out the in- 
creased requirements for calories, minerals, vitamins, and protein. 
Women on a good diet have fewer miscarriages, premature births, 
stillbirths, and infections, and the incidence of illness among the babies 
is less than is the case when a poor diet is taken. A study of the rela- 
tion of nutritional inadequacy to anemia in pregnancy was made by 
Bethell, Blecha & Van Sant (91). Twenty-five per cent of 484 preg- 
nant women in rural Michigan were found to be anemic. Both hypo- 
chromic and macrocytic anemia were observed. The hypochromic 
anemia was associated with the iron intake. Approximately 35 per 
cent of the hypochromic anemia patients had an average daily iron 
intake of less than 8 mg. The most interesting finding was the asso- 
ciation between protein intake and macrocytic anemia. Only about 
2 per cent had macrocytic anemia when the average daily protein intake 
was over 79 gm., but the incidence was about 27 per cent in those get- 
ting less than 40 gm. of protein daily. 

Burke, Beal et al. (92) reported a long and careful study of the 
effect of maternal nutrition on the complications of pregnancy, fetal 
development, and infant health. Of the women receiving good or ex- 
cellent diets 68 per cent had a normal prenatal course while only 42 
per cent of those on poor or very poor diets had a normal prenatal 
course, and almost 50 per cent of the latter group had toxemia of 
pregnancy. The most striking differences were found in the infants. 
Of the children from the mothers on good or excellent diets 42 per 
cent were rated superior, while of those from the mothers on poor or 
very poor diets only 2.5 per cent were superior. The children of the 
mothers on the good diets had an average birth weight of eight pounds, 
eight ounces and an average length of 20.4 inches. The children from 
the mothers on the poor and very poor diets had an average birth 
weight of 5 pounds, 13 ounces and an average length of 18.6 inches. 
These studies serve to emphasize the magnitude and importance of 
the problem. Further ground work on the effect of specific nutrients 
on the offspring of experimental animals is needed so that more de- 
tailed clinical work can be done. Vitamin A studies by both Byrn & 
Eastman (93) and Lund & Kimble (94) show that giving vitamin A 
to the mother causes a rise in the maternal plasma vitamin level but 
does not affect that of the child. Lund & Kimble also found that low 
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maternal levels were not reflected in the fetus and the plasma vitamin 
A level in normal newborn infants was approximately one-half that 
of the normal adult values. Fetal plasma carotene varied regularly 
with the maternal plasma level. They feel that the newborn infant 
should be assured an adequate supply of vitamin A. Lockhart, Kirk- 
wood & Harris (95) measured the thiamin excretion peaks in six- 
teen pregnant women and found that it was necessary to administer 
three times as much thiamin to secure excretion peaks in late preg- 
nancy and early puerperium. They therefore suggest that thiamin 
requirements during pregnancy and lactation are three times those of 
non-pregnancy. 


MILITARY RATIONS 


The composition and nutritive value of the most important of the 
Army rations was discussed by Berryman & Chambers (96). Rations 
now in general use are various types of field rations. The peace time 
“Garrison Ration” made up of thirty-nine components in prescribed 
quantities has limited use at the present time. Most troops within the 
continental limits of the United States receive “Field Ration A.” This 
ration is roughly equivalent to a liberal civilian diet. Cost is the only 
limitation on the kind of food used and maximum use is made of fresh 
items. “Field Ration B” is sent with expeditionary forces as they 
leave this country and is intended for use where cooking and baking 
are performed with difficulty. It is similar to “Field Ration A” except 
that all perishable food is replaced by non-perishable, processed, or 
canned products. Menus are arranged in a ten-day cycle. About one- 
third of the vitamin C is obtained from lemon powder fortified with 
ascorbic acid. “Field Ration C” requires no refrigeration and is de- 
signed for use where no cooking or baking facilities are available and 
serious problems of supply exist. Foods are restricted as to type and 
number and the attainment of nutritional adequacy and palatability is 
difficult. The ration is not intended to be used over a long period of 
time as the sole source of nutriment but rather as a means of sustenance 
until contact is established with better facilities. This ration is pro- 
vided in six cans per man per day. Three cans (M units) contain meat 
and vegetable components and the other three (B units) contain bis- 
cuits, soluble coffee, sugar, and hard candy. One of each of these units 
constitutes a meal and can be served either hot or cold. “Field Ration 
D” is a reserve ration of three 4-ounce chocolate bars intended to be 
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carried in the field pack or the pocket. Subsistence on this ration is 
obviously limited. The ration contains about 25 per cent fat and melts 
at about 120°F. It consists of chocolate, sucrose, dry skim milk, 
cacao fat, oat flour, vanillin, and thiamin hydrochloride (0.45 mg. 
per bar), and the three bars provide 1,800 calories. “Field Ration K” 
is a compact, light weight ration designed as a combat ration for use 
under serious difficulties in transport and supply where the soldier is 
far removed from a mess kitchen and where the ration may have to be 
used for a longer period of time than intended for “Field Ration C.” 
“Field Ration K” consists of three units, one for each meal, packaged 
in small boxes impervious to water, chemical warfare agents, and 
vermin. The entire ration weighs only two pounds and does not re- 
quire refrigeration. The ration (for three meals) is composed of 
canned ham and egg, canned meat, canned cheese preparations, two 
types of biscuit, a fruit bar, a type D chocolate bar, soluble coffee, 
bouillon powder, lemon powder, malted milk-dextrose tablets, sugar, 
chewing gum, and cigarettes. The ration provides fairly satisfactory 
nutrition with palatability and attractiveness to the soldier. The great 
military importance of these various rations is indicated by the differ- 
ences in weight involved in transporting, preparing, and serving them. 
The total weight involved for 1,000 men for five days for field ration A 


is 56,580 pounds, for field ration B, 43,960 pounds, for field ration C, 
27,400 pounds, and for field ration K, 13,350 pounds. The calculated 
nutritive value of the various rations as compared with the National 
Research Council’s Recommended Allowances is given in Table III. 


TABLE III 
Field Field Field 
EBC.° Ration A Ration C Ration K 

Calories 4,300 2,600-3,000 3,000-3,400 
Protein (gm.)......... 130 120-140 115 
See ne 195 
Carbohydrate (gm.)....  .. 510 cae or 
Coleman Gug.)...<222. 800 1,000 500 1,000 
Phosphorus (mg.)..... es 2,000 ee 
era 12 27 
Vitamin A, I.U 
Thiamin (mg.)........ 2.335 3.3 
Riboflavin (mg.)....... 3.12 ; 1.6 
Nicotinic acid (mg.)... 21.5 26 
Ascorbic acid (mg.).... 75 


wmuw®S: 


° 


* Based on 3 extreme activity and 4% moderate activity. 
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It is to be noted that the above values are for the ration as pre- 
scribed and do not take into account losses occurring in preparation 
and serving. 


ENRICHED WHITE FLOUR AND BREAD 


Enriched white flour and bread were introduced in this country in 
1941 in an effort to improve the nutritive value of American diets 
rapidly and effectively. Under a federal food distribution order (97) 
effective July 1, 1943, the enrichment of all white bread was required. 
Under the provisions of the Federal Food, Drug, and Cosmetic Act, 
amendments to the definition of enriched flour were made effective 
October 1, 1943 (98). These amendments provide that enriched flour 
shall contain in each pound not less than 2.0 mg. or more than 2.5 
mg. of thiamin, not less than 1.2 mg. and not more than 1.5 mg. of 
riboflavin, not less than 16.0 mg. and not more than 20.0 mg. of 
niacin or niacin amide, and not less than 13.0 mg. and not more than 
16.5 mg. of iron (Fe). 

In a further amendment to the Food Distribution order (99) it is 
stated that effective January 16, 1944 “No baker shall make or sell any 
yeast-raised bakery product (except biscuits and crackers), or any 
doughnuts, crullers, or fried cakes, unless enriched to the extent that 
white flour is used as an ingredient.” The effective date of this order 
has been postponed until May 1, 1944 or later. 

Although there is at present no Federal order requiring the enrich- 
ment of flour the product has been made available by the millers volun- 
tarily and can now be obtained throughout the United States. How- 
ever, because this is a better product and slightly more expensive than 
lower-grade products the compulsory enrichment of family flour is 
needed in order for the nutritional benefits of the better product to 
reach those needing it most. A few state legislatures have enacted 
state laws requiring enrichment of flour. 

An interesting statement of Federal policy on adding nutritive in- 
gredients to foods was made by the Food and Drug Administration 
(100). It is stated that if processing staple foods removes significant 
quantities of nutritive factors present in the natural product and if 
the refined food is a suitable and efficient carrier of the factors, it is 
consistent with the promotion of honesty and fair dealing that refined 
foods be enriched on a restoration basis to the extent that restoration 
serves to correct deficiencies of such factors. However, when it is 
shown that restoration levels are too low to correct deficiencies, or 
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that deficiencies exist in other factors, for which the refined food is an 
efficient carrier, the inclusion of corrective quantities of nutritive 
factors in the enriched food may be required although such factors are 
wholly lacking in the natural product. Similar considerations may 
require the enrichment of unrefined foods. 

The widespread use of enriched flour and bread in this country 
while other countries have introduced lightly milled products has 
renewed the interest in the old whole wheat versus white flour argu- 
ment. It is obvious that from the point of view of human nutrition 
the enriched flour has a very satisfactory vitamin content. The pres- 
ence of unidentified vitamins in whole wheat flour and the difference 
in protein value should be of little practical importance in comparison 
with the greater acceptability and wider range of usefulness of the 
white enriched flour. 

The decalcifying effect of phytate has led Great Britain to the addi- 
tion of calcium to their compulsory made, lightly milled flour. McCance, 
Edgecombe & Widdowson (101) have also shown that phytate inter- 
feres with iron absorption. Other possible disadvantages in the use 
of whole wheat flour are indicated by the studies of Rostorfer, Kocha- 
kian & Murlin (102) who found that a white bread containing 3.5 
per cent milk solids, based on the flour, and made with a high-vitamin 
yeast had a digestion rate for protein 36 per cent faster and for carbo- 
hydrates 3 per cent faster than a peeled-wheat bread made from a 
flour containing about 98 per cent of the wheat kernel. A white bread 
made of “straight grade” white flour and containing 2.5 per cent milk 
solids, based on the flour, showed a digestion rate for protein 61 per 
cent faster and for carbohydrate 11 per cent faster than the peeled- 
wheat bread. It is also interesting to note that when the peeled-wheat 
bread was baked with a high-vitamin yeast the digestion rate of the 
white bread was only 39 per cent faster for protein and not at all 
faster for carbohydrate. These results indicate that there may be a 
real physiological basis for the failure of the general public willingly 
to replace white bread with whole wheat bread. 

Sherwood (103) has given some interesting data bearing on the 
misconceptions concerning the proportion of thiamin in wheat that is 
contained in the wheat germ. The vitamins and minerals are unevenly 
distributed in the wheat kernel, with thiamin being most unevenly 
distributed. Of the total thiamin, the endosperm contains about 25 
per cent, the germ about 15 per cent, and the outer layers of the kernel 
about 60 per cent. However, these values do not give a true picture of 
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the thiamin content of the various products of milling since a clean 
separation does not occur. Thus as the products of milling are pre- 
pared in commercial practice the germ constitutes only 0.2 per cent 
of the wheat and contains only 0.9 per cent of the total thiamin while 
“shorts” constitute 12.3 per cent of the wheat and contain 39.6 per 
cent of the thiamin. “Red Dog” constitutes 4.0 per cent of the wheat 
and contains 22.0 per cent of the thiamin. “Second clear” flour con- 
stitutes 4.5 per cent of the wheat and contains 10.0 per cent of the 
thiamin. “First clear” flour constitutes 7.0 per cent of the wheat 
and contains 3.9 per cent of the thiamin and “patent flour” consti- 
tutes 63.0 per cent of the wheat and contains 8.0 per cent of the 
thiamin. Bran constitutes 9 per cent of the wheat and contains 15.6 
per cent of the thiamin. Thus in actual milling practice “Red Dog” 
and “shorts” together constitute only 16.3 per cent of the wheat but 
contain 61.6 per cent of the thiamin. 
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THE NUTRITIONAL DEFICIENCIES IN FARM MAMMALS 
ON NATURAL FEEDS 


By C. F. HurrMan anp C. W. Duncan 


Michigan State College of Agriculture and Applied Science 
East Lansing, Michigan 


The deficiencies of farm mammals which are most widespread and 
of greatest economic importance are not usually manifest by clinical 
symptoms but are evidenced by a decrease in the production of work, 
wool, or human food. Except under extreme conditions, such defi- 
ciencies as energy and protein are seldom detected by clinical symp- 
toms. The deficiencies which are most evident are frequently exag- 
gerated beyond their rightful economic importance. Many nutritional 
deficiencies in livestock have been produced under laboratory condi- 
tions with unnatural rations but these disturbances may or may not 
apply to natural conditions on the farm or range. The extent of the 
problem is also indicated from the evidence which is accumulating that 
many nutritional disturbances are the result of depletion or primary 
deficiencies in the soil, or to the climatic conditions under which the 
feedstuffs are produced, and the seasonal variations in the occurrence 
of some deficiency diseases. The value of the feedstuff depends further 
on the species of plant, on the species of animal, on the purpose for 
which the animal is fed, and on the economics of the relative cost of 
feed in comparison to the return on the product. It is therefore im- 
possible to give a complete and critical account of the nutritional defi- 
ciencies recognized in farm animals on natural feeds because of the 
fragmentary data on the chemical composition and nutritive value of 
the rations as fed under farm or range conditions. 


ENERGY 


The lack of sufficient energy in the ration of farm animals on natu- 
ral feeds is the most important deficiency from the standpoint of eco- 
nomical production of milk, meat, wool, and work. On the marginal 
farms and in many parts of the range country, feed energy is one of 
the limiting factors for successful reproduction (1). The deficiency 
of energy may be due to crop failure, adverse climatic conditions, in- 
sect pests, or to a failure to adjust the livestock population to the 
productivity of the land. The amount of energy it is necessary to feed 
above maintenance depends on the efficiency of the animal as a con- 
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verter, on the relative cost of the feed, and on the economic return. 
The most expensive part of the ration of livestock is calories. Under 
range conditions, beef cattle and sheep are seldom able to eat sufficient 
forage for finishing. Slow growth on range grass alone may produce 
greater profits than when expensive supplements are fed to meet the 
animal’s physiological needs for optimum growth and fattening. When 
pastures are very short the animals may not be able to gather the 
requisite quantity of food in the time available (2). Even if a reserve 
stand of long pasture is available it will be dry and fibrous, of relatively 
low nutritive value, and will not provide sufficient nourishment for 
milk production even when the cows are fed to capacity. 

The availability of digestible calories is variable, depending upon 
the stage of maturity of the plant at the time of harvest and on the 
species of animal to which it is fed. Pasture plants harvested prior 
to the bud stage show high coefficients of digestibility by all classes of 
farm animals but after the bud stage is reached the digestibility of the 
dry matter decreases (3, 4). The depression in digestibility may be 
associated with an increase in methoxyl groups in the lignin (5). In 
many areas, pastures at the most highly digestible stage fail to meet 
the caloric need of dairy cattle for maintenance and the most economic 
milk production. This may also apply to finishing beef cattle and sheep 
on pasture. Pasture cattle dress materially lower than cattle fattened 
on grain and pasture and the meat has inferior qualities (6). Steers 
will make cheaper gains on pasture without grain but they will lack 
finish (7). Although the pastures are good the steers cannot consume 
sufficient forage to meet their needs for finishing. Home-grown grains 
will usually supplement pastures for both dairy cattle, beef steers, and 
fattening sheep. Unless grain is fed as a supplement, the most marked 
energy deficiency occurs when hot dry weather reduces the growth of 
pasture forage. 

During the stall-feeding period many farm animals consume large 
quantities of roughage that is deficient in digestible calories. This is 
not the case with swine because these animals are usually fed cereal 
grains liberally, with the exception of brood sows. 

The stage of maturity of the roughage at the time of harvest and 
the losses due to curing appear to determine its nutritive value. When 
dairy cattle are changed from alfalfa alone to good pasture, there is 
an increase in milk production comparable to the addition of from two 
to twelve pounds of grain per day (8). The substitution of young 
artificially dried grass for hay or grain in the ration on the basis of 
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an equal amount of total digestible nutrients produces an increase in 
milk and fat production (9 to 13). The deficiencies of an all-roughage 
ration for milk production have been indicated by Graves et al. (14). 
The value of grain as a supplement to roughage rations from the stand- 
point of milk production has been pointed out (15). The added grain 
supplies both additional calories and milk-stimulating factors. 

When an isocaloric amount of the total digestible nutrients in alfalfa 
hay is replaced by corn, after milking cows have been depleted of their 
lactation factors on alfalfa hay alone, there is a marked increase in milk 
production against the natural decline in lactation (16). These results 
indicate that the digestible nutrients of alfalfa hay are deficient in some 
unknown factor or factors needed for lactation. The addition of either 
corn starch or glucose fails to stimulate milk production but when corn 
replaces an equicaloric amount of these supplements, there is a marked 
increase in milk production (17). The superior value of young pasture 
herbage and early cut hay compared with late cut hay for milk produc- 
tion is probably due to the presence of an unknown lactation-stimulating 
factor or factors. Since swine are usually fed concentrates as a basis of 
their ration, the lactating brood sow probably does not suffer from a 
deficiency of the unknown factor or factors. 


PROTEIN 


Protein deficiency is usually manifested by a reduction in growth, 
fattening, or in milk production. Since economical livestock production 
is based on the use of roughages, information concerning their amino 
acid content is essential (18). Cystine deficiency in sheep was re- 
viewed in the light of the role of methionine as the essential amino 
acid necessary for wool production (19). Increasing the amount oi 
protein results in a favorable influence on the quality (fineness) and 
quantity of wool grown by high-producing sheep. Since ruminants 
and horses are large consumers of roughage the nonprotein nitrogen 
assumes some significance due to the possibility of protein synthesis 
by microfauna and microflora in the rumen and caecum (20). The 
young farm animals which suckle their dams for various lengths of 
time do not suffer from a protein deficiency during the early months 
of life. The exception to this is the dairy calf which is taken away 
from its dam at about two days of age (21, 22). 

In areas of limited rainfall, which include a large percentage of the 
total grazing land throughout the world, the herbage is usually low in 
protein. The native pastures in South Africa frequently do not con- 
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tain enough protein to meet the requirements of grazing livestock (23, 
24). Bluestem grass grown in Oklahoma contains less than 4 per cent 
protein (25). The forage grasses in sections of Texas frequently do 
not supply enough protein for the maintenance requirements of graz- 
ing cattle (26). The protein content of range plants in California, Ari- 
zona, and Utah showed wide variations (27, 28, 29). The protein 
content is so low during a large part of the year that it is necessary 
to feed legume hay. The liberal feeding of leguminous hay or silage 
and home-grown grains during the winter usually furnishes ample 
protein for growing and fattening steers and breeding cows. When 
legumes are not available a protein concentrate should be fed for eco- 
nomical production of all classes of beef cattle. 

Low protein and inadequate phosphorus in the feeding regimen 
of breeding ewes must be avoided if the condition of the ewe is to be 
maintained and a satisfactory lamb crop obtained (30). On many 
farms sheep and cattle are fed low protein roughages during the stall- 
feeding period without a protein supplement. This type of ration is 
too low in protein except for maintenance. The possibility of a protein 
deficiency occurring under range conditions when the protein content 
of the grasses is very low is apparent. Sheep suffer from a protein 
deficiency on natural pastures in South Africa from April to Septem- 
ber unless protein supplements are supplied (23, 31). The protein 
content of the grasses varies from 3.3 to 4.0 per cent. Very little 
information is available on the requirements and deficiencies of horses 
on natural forages. Swine are the farm mammals most likely to suffer 
from a deficiency of protein both from the standpoint of quality and 
quantity except when skim milk is available or in regions where pea- 
nuts are grown. Brood sows can be maintained on alfalfa and cereal 
grains but when sows are suckling pigs a protein supplement should 
be fed (32). One half of the protein for weanling pigs should be sup- 
plied from-animal sources (33). The cereal grains do not contain a 
sufficient quantity of protein and the quality is believed to be insuf- 
ficient. The high-quality protein in the past has been supplied from ani- 
mal sources; however, for optimum pork production, the amount of 
purchased protein concentrates can be reduced by a greater use of 
pastures which not only furnish 15 to 20 per cent protein on the dry 
basis but also contain protein of high biological value. In sections 
where peanuts are fed, sufficient protein is furnished but a small 
amount of animal protein is recommended (34). Soybeans have a 
very limited use in swine feeding because they produce an inferior 
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quality of pork (35). The amount of animal protein can be reduced 
when toasted soybean oil meal is used as the principal source of protein 


(36, 37). 


MINERALS 


Salt—The salt content of feeds from plant origin is usually low in 
both sodium and chlorine. The addition of salt to swine rations which 
do not contain animal protein results in an increase in the rate and 
economy of gain in weight (38, 39, 40). Pigs fed exclusively on pea- 
nuts as the principal source of protein are unthrifty and make uneco- 
nomical gains unless salt is added to the ration (41). Salt deficiency 
in cattle on natural feeds is common after the onset of lactation (42). 
A deficiency of salt in the ration of the calf is reflected in an unthrifty 
condition and a harsh coat. Pregnant ewes appear to require salt (43). 
The salt requirement of the working horse in warm weather is high 
(44). Camels develop skin necrosis and lameness on salt deficient 
rations (45). 

Iodine.—There are certain areas around the Great Lakes and other 
sections of the United States in which the soil, plants, and water are 
sufficiently low in iodine to produce a high incidence of goiter in farm 
animals. There are also marginal areas in which the deficiency is not 
extreme enough to produce frequent trouble but does lead to some 
difficulty (46, 47, 48). Soils in the goitrogenic regions in New Zealand 
show little correlation between the iodine content of the soil and the 
herbage growing on them, but cow’s milk from goiter-free areas con- 
tains three times as much iodine as does that from affected areas (49, 
50). The forages of livestock in the interior of Norway do not supply 
enough iodine for normal health (51). The minimum requirements of 
farm animals for iodine has not been reported but the indiscriminate 
use of an iodine supplement is not recommended (47, 52). 

Phosphorus.—Phosphorus deficiency is probably the most exten- 
sive mineral deficiency observed in cattle and sheep on natural rations. 
The possibility of a phosphorus deficiency depends upon the phos- 
phorus content of the roughage and grain. The use of root crops tends 
to increase the possibility of a phosphorus deficiency. When roughages 
contain 0.18 per cent or more of phosphorus on the dry basis, there 
is little likelihood of a phosphorus deficiency in dairy cows even when 
corn is fed as the only concentrate (53). The extent of phosphorus 
deficiency in dairy cows is probably small in most parts of the world. 

Many soils and pastures in Queensland are so deficient in phos- 
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phorus that bone meal has to be fed in order to increase fertility, secure 
earlier maturity, and prolong the life of older cows (54). The higher 
savannahs in British Guiana are valueless for cattle grazing because of 
the extremely low phosphorus and calcium contents of the grasses 
(55). The Uruguayan grassland regions in which osteomalacia in 
cattle is common are deficient in phosphorus and calcium. The dis- 
tribution of phosphatic licks has not only controlled the disturbance 
but has also increased the calf crop by approximately 20 per cent per 
year (56, 57,58). Native Jamaican Zebu cattle raised on phosphorus- 
deficient forage do not show the deficiency diseases ordinarily mani- 
fested by the imported breeds (59). The poor quality of Malabar cattle 
in southern India is due to mineral deficiencies in the soil and herbage 
(60). Osteomalacia was found to be prevalent in cattle of all ages in 
the province of Corrientes, Argentina, where soils and forage are low 
in calcium and phosphorus (61). Du Toit et al. (62, 63) report that 
all of the South African pastures composed mainly or wholly of grasses 
are deficient in phosphorus and protein from five to nine months of the 
year. These pastures do not contain enough phosphorus for gestation 
or lactation at any time of the year. The natural pastures in Nigeria 
are so deficient in calcium and phosphorus that they do not maintain 
the nomadic cattle during the six-month dry season (64). Under open 
range conditions in Bechuanaland nursing cows require a phosphorus 
supplement in order to supply enough milk for their calves to be nor- 
mal at weaning age (65). A disturbance in ruminants in certain areas 
in Norway known as “slikkesyken” is associated with a low phos- 
phorus content of hay and fodder (66). 

Calves maintained over periods of two to four years on a prairie 
hay ration, deficient in phosphorus and protein, grew at a subnormal 
rate, developed coarse coats, disproportionately large heads, and had 
an emaciated appearance. Chronic phosphorus deficiency was indicated 
by hypophosphatemia (67). The forage grasses in the East Timber 
country, Texas, supply enough calcium to grazing animals but usually 
not enough phosphorus (26). The range grasses in Sutton and Ed- 
wards counties are deficient in phosphorus for cattle from September 
to February but sheep and goats receive a fair supply for nine months 
of the year (68). Cattle on phosphorus deficient ranges in southern 
Texas respond to bone meal feeding by preventing hypophosphatemia, 
by markedly increasing the calf crop, and by increasing the weaning 
weights of calves about 70 per cent due to the increased milk pro- 
duction of the dams (69). The range forage around Las Cruces, New 
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Mexico, is adequate in calcium but is deficient in phosphorus during 
most of the year (70). The lack of phosphorus is particularly serious 
for gestating and lactating cows. Heifers that had access to bone meal 
were much more active sexually than heifers that did not have access 
to bone meal (71). Supplementary feeding of calcium and phosphorus 
to cattle and sheep on ranges where deficiency symptoms are not in 
evidence resulted in smaller death losses in newborn calves, a larger 
number of calves weaned, greater weight of calves and lambs at wean- 
ing time, greater body weight as yearlings, and higher wool production 
from range ewes (72). The feeding of mineral supplements to range 
cattle in certain sections of Arizona did not pay even though the 
grasses were deficient in phosphorus for five months of the year (73). 

Phosphorus supplements are unnecessary for sheep when the 
herbage contains from 0.07 to 0.12 per cent phosphorus on the dry 
basis (74). Sheep under range conditions in Idaho did not show 
phosphorus deficiency symptoms but the level of blood phosphorus 
was low (75). Hoflund (76) found that “‘skravel” disease of sheep in 
Sweden was associated with the hay grown on phosphorus-deficient 
soils. The native sheep were less susceptible to the disorder than the 
larger, more highly bred type of imported sheep. Phosphatic fertilizers 
improved the quality of the hay to such an extent that the disease dis- 
appeared. When swine receive a reasonable amount of calcium and 
vitamin D there is no evidence of a phosphorus deficiency when they 
are fed natural rations. 

Calcium.—The possibility of calcium deficiency occurring among 
farm animals depends on the calcium content of the forage, the 
amount of roughage consumed, the ratio of calcium to phosphorus, 
the amount of vitamin D in the feed, the environment, and on the 
product produced, such as milk, meat, or wool. The experiment fre- 
quently referred to in the literature, which indicates that lactating 
cows suffer from a lack of calcium, was not characteristic of common 
dairy cattle rations because very little roughage was fed (77). Calcium 
may be a secondary deficiency when cattle are suffering from anorexia 
due to a phosphorus or cobalt deficiency. The liberal feeding of rough- 
age containing 0.3 per cent calcium on the dry basis furnishes ample 
calcium for reproduction and lactation (78, 79). 

Sheep under pasture conditions do not ordinarily suffer from an 
uncomplicated calcium deficiency although ewes brought into certain 
districts in Western Australia could not be used for breeding stock 
after the first year because the second crop of lambs developed rachitic- 
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like symptoms (80). This condition may be associated with copper 
deficiency. The feeding of fattening lambs from two to five grams of 
calcium per day as a supplement to a sorghum ration resulted in an 
increase in appetite for roughage and the lambs made larger gains and 
better finish (81). 

There is very little information in the literature on the calcium and 
phosphorus requirements of the horse, but outbreaks of abortion in 
mares on calcium deficient rations have been reported (82, 83). Army 
horses and mules in Panama suffering from lameness made marked 
improvement after about one-third of the low-calcium hay was replaced 
with alfalfa hay (84). A degree of calcium deficiency in the rations of 
race horses has been suggested (85). Calcium deficiency in the local 
grasses was the cause of equine osteodystrophic diseases in the Dutch 
East Indies (86). The calcium deficiency manifestations in the horse 
are due, for the most part, to feeding rations high in phosphorus. 

When pigs are fed rations consisting largely of cereal grains, in 
dry lot, with no skim milk or tankage, a calcium deficiency is often 
observed. Winter conditions aggravate the calcium deficiency. Many 
cases of rickets have been observed on farms where inadequate rations 
were fed (87). Swine rations containing 0.41 per cent calcium and 
0.3 per cent phosphorus give better results than when lower levels 
of phosphorus are fed (88). Growing, fattening, and lactating sows 
develop posterior paralysis when kept exclusively on peanut fields 
during the fall and winter months (41). The addition of calcium 
carbonate and salt prevent the deficiency symptoms and promote nor- 
mal growth. The need for an additional calcium supplement is indi- 
cated except when brood sows are fed liberal amounts of sun-cured 
legume hay. 

Cobalt.—The essentiality of cobalt in the ration of sheep and cattle 
has been shown (19, 89, 90). Pasture plants taken at monthly inter- 
vals show that the cobalt content tends to increase in the late autumn 
when plant growth is retarded. In areas where sheep are affected the 
cobalt content of the pastures in the spring and summer falls below 
0.08 p.p.m. (91). Grasses grown on highly calcareous soils are gener- 
ally low in cobalt (92). “Coast disease” in sheep and cattle in Tasmania 
is due to a dual deficiency of copper and cobalt. Cobalt alone will keep 
the sheep alive but it will not lead to full recovery unless copper is 
administered (93, 94). A seasonal variation of an uncomplicated 
cobalt deficiency in sheep is reported on one type of soil in the “coasty” 
region in South Australia formerly used to grow cereal crops (95). 
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Lambs make good growth during the early part of the year but soon 
showed signs of unthriftiness, then emaciation and death. Later in 
the season mature sheep show the same symptoms with high mortality 
rate. 

Soils in Scotland where “pining” occurs usually contain less than 
5 p.p.m. of cobalt. The value of cobalt fertilizers has been confirmed 
(96). “Vinguish” in sheep in Ayrshire is an uncomplicated cobalt 
deficiency which can be prevented and cured by cobalt therapy (97). 
Sheep in sections of western Alberta become unthrifty when fed non- 
leguminous hays and ground oats. The administration of cobalt to the 
affected sheep results in a rapid increase in weight and a marked im- 
provement in condition. Bowstead et al. (98, 99) confirmed their 
earlier findings and reported an impairment in the reproductive ca- 
pacity of the sheep. The ewes became so unthrifty that they were 
unable to nourish their lambs. Their wool was also weak in fiber. The 
administration of 6 to 8 mg. of cobalt daily restored sheep to normal 
health. 

The so-called “Grand Traverse” disease occurring in cattle in sev- 
eral areas in Michigan is due to the low cobalt content of locally grown 
hays and cereal grains. The disturbance is seasonal in character and 
occurs on both light sandy soils and on clay loam soils. When cattle 
are moved to nearby unaffected pastures the disease disappears or it 
is quickly amenable to cobalt therapy (100). 

Copper.—Bennetts et al. (101) pointed out that the mortality of 
“falling disease” in cattle was associated with a very low copper con- 
tent of the pastures. The affected pastures contain as little as 1 p.p.m. 
of copper on the dry basis as compared to 5 to 15 p.p.m. on healthful 
pastures. Further investigations showed that “falling disease” is the 
terminal manifestation of a severe copper deficiency (102). The inci- 
dence of copper deficiency was associated with “good clover years” and 
not with unusually dry or “poor clover years.” The copper content of 
pastures decreases as the herbage approaches maturity (103). Hemo- 
globinuria in calves and sporadic cases of “red water” in mature cows 
were associated with the low copper content of the forage (104). The 
incidence varied from farm to farm and from year to year and the 
mortality varied from 5 to 80 per cent. The most obvious symptom 
of copper deficiency in sheep is a progressive change from normal 
wool to straight, glistening, lustrous wool, known to the wool trade 
as “straight steely” wool (105). The disorder is cured by supplying 
the sheep with copper and cobalt either as a drench or as salt licks. 
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Attempts to breed sheep producing “straight steely” wool result in 
the occurrence of ataxia in the offspring. ‘“Stringy” wool appears to 
be the earliest and most prominent sign of copper deficiency even 
when the deficiency is not sufficiently severe to cause ataxia in lambs 
(106). The daily intake of 15 mg. of copper will eliminate the disease. 
In certain areas in England ataxia is the most serious lamb disease. 
Ewes give birth to healthy and affected lambs in consecutive years on 
the same pasture (107). The incidence of ataxia or “swayback”’ is 
low in lambs from ewes which had access to licks containing 0.3 per 
cent copper during the gestation period. 

Certain similarities have been indicated between the disease in 
England and Australia and an ataxia described by workers in other 
countries (108, 109, 110). A deficiency disease in cattle in Norway 
known as “slikkesyken” is associated with the low copper content of 
hay and fodder grown along the coast (66). Young cattle and fresh 
cows are especially susceptible during the late winter and early spring 
months. The ingestion by cattle of less than 1.5 to 3.0 p.p.m. of 
copper in forage dry matter caused copper deficiency symptoms al- 
though the deficiency may occur with several times this amount of 
copper (111). Blood, liver, and hair are the only tissues that show 
consistent correlation with the copper intake. Cause of “Jecksucht” 
has been confirmed and extended to indicate that the therapeutic value 
of copper alone is just as effective as a complex mineral mixture (112), 
that the composition of the soil does not offer an explanation as to the 
cause of the disease (113) but that top-dressing the pastures with 
copper sulfate is effective in preventing the disease in young cattle 
(114). A progressive unthriftiness, hemoglobinuria, and a condition 
of the blood (in which as many as 35 per cent of the red blood cells 
show a thorn-apple shape within two days) have been observed after 
the cattle were placed on peatland pasture (115, 116). 

Iron and zinc.—Iron was reported to be deficient in the rations of 
cattle in the West Indies during the stall-feeding season. The symp- 
toms were alleviated by supplementing the ration with iron oxide and 
copper sulfate (117). A deficiency of iron in the soil and vegetation 
in certain regions in Uruguay has necessitated the use of iron-con- 
taining licks to maintain the grazing cattle (58). A nutritional anemia 
in cattle observed in a section of Massachusetts responded to iron 
therapy (118). The forage was found later to be low in cobalt as well 
as in iron (119). The acid soils in northern Sweden are indicated as 
being responsible for an anemia occurring in horses (120). Suckling 
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pigs should be provided with a source of iron within a few days after 
birth to insure normal development and resistance to disease (121, 
122). A decrease in the number of still-births can be obtained by 
feeding iron salts to sows during gestation (123). 

Sterility of unknown origin in cows has been reported to respond 
to zinc therapy (124). 


VITAMINS 


Vitamin A.— Vitamin A deficiency is not commonly observed 
among farm mammals except under range conditions when the herbage 
is dry and bleached (125), or during drought periods (126), or on 
farms during the stall-feeding period when straw and other low caro- 
tene roughages are used. Farm animals have the ability to store vita- 
min A (127), therefore, if they have had access to good pasture that 
was high in carotene they will start the stall-feeding period with a 
large reserve (78, 128). Roughages used during the winter are highly 
variable in carotene content because of the losses incurred during the 
curing process and during storage (78, 129). 

Diarrhea was observed in newborn calves when the ration of the 
dam was low in carotene (130). Calves born of cows whose colostrum 
is low in vitamin A are more liable to suffer from infections than the 
calves from cows whose colostrum is high in vitamin A (131). Ordi- 
narily colostrum is a good source of vitamin A (132 to 135). Steers 
fed old corn and bleached alfalfa hay for fourteen months manifested 
a vitamin A deficiency which was cured by changing to new corn and 
cod liver oil (136). 

The mortality of newborn calves was high in a herd of cattle fed 
wheat straw, oats, and yellow corn but the losses were reduced when 
the dams were changed to clover hay, corn, oats, and minerals (137). 
Many cows under farm conditions in Germany gave birth to blind 
calves which was probably due to a vitamin A deficiency (138, 139). 
Blindness and other symptoms of vitamin A deficiency are widespread 
among cattle in India (140, 141). Keratitis in five- to ten-month-old 
beef calves that had been overwintered on dry sorghum and corn stalks 
was cured within two weeks after they had access to well cured alfalfa 
hay, yellow corn, and minerals (142). 

Vitamin A deficiency occurs among rams on pasture during the 
drought season in New South Wales and Queensland. The adminis- 
tration of vitamin A or carotene prevented night blindness and semen 
degeneration (143). During drought years, lambs suffer from a nutri- 
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tional keratitis due to a vitamin A deficiency but they make rapid 
recovery when green hay is available. Nutritional keratitis may also 
be a limiting factor in lamb production (144). Urinary calculi in sheep 
is not due to a vitamin A deficiency (145). 

Numerous instances have been reported which indicate that army 
horses suffered from a vitamin A deficiency when the ration consisted 
of straw or poor hay and grain, other than yellow corn (146 to 149), 
Access to green pasture or the feeding of Virtanen (A.I.V.) silage or 
cod liver oil prevented the disturbance. The causative factor in equine 
joint involvements and characteristic lesions in the articulating cartilage 
is not due to a lack of vitamin A (150). 

Pigs raised indoors on a grain protein concentrate and a mineral 
mixture developed symptoms of vitamin A deficiency (151). Sows 
fed a mixed grain ration gave birth to pigs which had impaired vision 
and died within three to five days (152). These rations are probably 
deficient in vitamin D as well as vitamin A. Vitamin A deficiency in 
swine can be prevented by feeding good quality alfalfa hay (153). 

Vitamin-B complex.—Most of the members of the vitamin-B com- 
plex are synthesized in the rumen and caecum by the flora and fauna 
of farm mammals, other than swine (20). There is the possibility of 
a deficiency of some member of the B complex in the young prior to 
the establishment of a rumen flora and also in older animals when the 
flora is abnormal. The desirability of balancing the food of rumen 
bacteria is indicated by the increased synthesis of riboflavin when corn 
was added to an all-roughage ration (154). Diarrhea in calves re- 
sponds favorably to the administration of nicotinic acid and vitamins 
A and C (130, 155). A nutritional disturbance in calves under field 
conditions characterized by poikilocytosis was cured by feeding either 
yeast or pyridoxin (156). A vitamin B, deficiency in young cattle, 
manifest by a sagging back, ataxic gait, and irregular heart action, 
responded favorably to oral administration of thiamin (157). A 
nervous condition in pregnant ewes was alleviated by feeding yeast 
and good hay (157, 158). Although swine are known to require thia- 
min, riboflavin, pantothenic acid, pyridoxin, and choline, a deficiency 
of any of these vitamins is not known to occur on natural rations. 
Several diseases of pigs under field conditions, however, have re- 
sponded to nicotinic acid therapy (159, 160, 161). 

Ascorbic acid.—The earlier work on swine and cattle indicating 
that these animals can synthesize vitamin C has been confirmed (162). 
There are several references in the literature referring to the occur- 





nins 
ield 
ther 
ttle, 
‘ion, 

A 
east 
thia- 
ency 
ions. 
. re- 


iting 
62). 


-cur- 


NUTRITIONAL DEFICIENCIES IN FARM MAMMALS 479 


rence of scurvy in domestic animals but the first proof that these ani- 
mals might not be able to synthesize adequate ascorbic acid for opti- 
mum physiologic functioning was reported by Phillips et al. (163). 
From a study, under field conditions, of the ascorbic acid content of the 
semen and blood plasma of normal and sterile bulls, and the blood 
plasma of cows, it was concluded that ascorbic acid is intimately in- 
volved in the production of virile sperm in the bull and that it is vitally 
concerned in the physiology of reproduction in the female bovine (164). 
Ingested ascorbic acid is destroyed in the rumen of the bovine (165). 
Bulls which have low blood ascorbic acid values and poor breeding per- 
formance are usually fed poor quality roughages and cows fed good 
roughages have a higher level of ascorbic acid in the blood than cows 
receiving poor roughages (166). The synergy between vitamin A and 
ascorbic acid on the reproductive efficiency of farm mammals needs 
clarification (167). Since many bulls and cows respond to ascorbic 
acid therapy on natural rations supplying ample carotene, it appears 
that other factors may also be involved in maintaining normal ascorbic 
acid synthesis. Recent work has shown that the feeding of chlorobutanol 
to the bovine results in a marked increase in the level of ascorbic acid in 
the blood plasma (168) and can restore fertility to sterile bulls (169). 
The ascorbic acid content of colostrum of cows and ewes is reported to 
be much higher than in the following milk (170) but recent work indi- 
cates that an ascorbic acid supplement may be needed by the young calf 
(155). The possibility of insufficient ascorbic acid synthesis in other 
farm animals is meager. Beneficial results were obtained by injecting 
ascorbic acid into unthrifty pigs (171). Stallions with low breeding 
efficiency have lower plasma ascorbic acid values than normal stallions 
and good breeding performance is associated with good pastures (172). 

Vitamin D.—Farm mammals under natural feeding conditions re- 
ceived adequate vitamin D from solar radiation and sun-cured rough- 
age (173, 174). The amount of vitamin D in the roughage depends 
upon the intensity of solar radiation during the curing process (175, 
176, 177). Any disturbance which results in anorexia may reduce the 
intake of sun-cured hay and induce vitamin D deficiency symptoms 
(178). Rickets observed in beef calves is due to heavy feeding on 
concentrates, low hay intake, rapid growth, and indoor confinement 
(179). Horses and mules consume enough sun-cured hay to protect 
them from symptoms of vitamin D deficiency. Fitch (180) reviewed 
the literature concerning the effect of the ration on bone changes in 
sheep but only found a few cases that manifested vitamin D deficiency. 
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Rickets in pigs is reported to be common during the winter months 
(181). Pigs fed indoors and allowed voluntary access to an outside 
runway did not receive enough solar radiation to prevent rickets dur- 
ing December and January but an enforced forty-five-minute exposure 
daily to January sunshine was sufficient to cure rickets (177). The 
vitamin D requirements of swine vary with the level of calcium and 
phosphorus in the ration. 

Vitamin E.—Several investigations have reported beneficial re- 
sults from treating sterile cows with a vitamin E supplement (182 to 
185). Vitamin E was found to be nonessential for normal reproduc- 
tion in sheep and goats (186). The field observations which indicate 
a positive role of vitamin E in the treatment of sterility in farm animals 
are probably of questionable value because no control animals were 
studied. Many cases of sterility in farm animals are cured spon- 
taneously. 
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The first two chapters on cancer in the Annual Review of Biochem- 
istry appeared in 1934 (1) and 1935 (2) and reported a total of 150 
papers for a five year period. The next chapter, in 1940 (3), treated 
250 references. Since then, over 2000 original papers bearing directly 
on the biochemistry of cancer have been published. Thus, in spite of 
wartime restrictions on output in many fields of scientific investigation, 
research on cancer has continued at not only undiminished but increas- 
ing pace, and now ramifies into every aspect of biochemistry. Obvi- 
ously, the present chapter must be limited to a highly restricted survey. 
It will report on tumor constituents, metabolism, carcinogenesis, and 
chemotherapy. On grounds of space limitation alone, the following 
equally important biochemical aspects of cancer, each of which might 
warrant a separate chapter, have arbitrarily been eliminated : nutrition, 
mainly vitamins, and just reviewed by us elsewhere (4) ; hormones, 
just reviewed (5); viruses (macromolecular particles) ; immunology ; 
and diagnosis (experimental and clinical) ; as well as many hundreds 
of references on purely biological aspects (growth response, mor- 
phology, and pathology) or purely chemical (synthetic) aspects of 
carcinogenesis. Hartwell’s survey of carcinogenic compounds (6), 
published in 1941, lists some 1200 references, and since then about 
600 more references on carcinogenesis by known chemical compounds 
have appeared, apart from carcinogenesis by chemical mixtures and 
other means. The new book by Stern & Willheim (7) contains some 
5000 references which cover both recent material and probably the 
best summary of biochemical work on cancer between 1900 and 1930, 
especially foreign works, and is unusually valuable on this latter ac- 
count. The shorter book by von Euler & Skarzynski (8) is the more 
strictly biochemical. Two large and representative Russian books on 
oncology, written by groups of collaborators, have been abstracted in 
Cancer Research (9, 10). Reviews on special aspects of cancer bio- 
chemistry may be consulted (5, 11 to 22, and others indicated later). 


*Doris Flavelle MacNeary and Marie L. Hesselbach provided valuable aid 
in the preparation of this report. 
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Tumor CONSTITUENTS 


Vitamins.—Several reviews on this subject have appeared recently 
(4, 7, 23). The suggestion that cancer tissues might have a higher 
content or requirement and concentration of certain of the essential 
growth factors has been advanced repeatedly. However, this has not 
proved a valid generalization in many cases of homologous normal and 
cancerous tissue pairs studied in recent years, with respect to ribo- 
flavin, niacin, biotin, pantothenic acid, folic acid, inositol, thiamin, 
and pyridoxin (24 to 29). The concentration of each of these B-com- 
plex vitamins was much more uniform among different tumors than 
in the tissues from which the tumors were derived (30). This can be 
interpreted as further evidence that cancers are de- or less differenti- 
ated than homologous adult tissues to the extent of forming a group 
of tissues of rather uniform biochemical type, as has long been indi- 
cated by overall metabolism studies on respiration and glycolysis. 

It is often the case that the vitamin content of a tumor deviates 
from that in homologous, normal adult tissue in the same direction as 
corresponding embryonic tissue, as best shown so far for biotin (31, 
32). Liver, as a storage organ, usually contains a much greater vita- 
min content than hepatomas, especially in the case of biotin (31, 32), 
and riboflavin (25, 33 to 36), with the exception of mouse hepatomas 
(35, 38). A high content of riboflavin has been reported for certain 
human carcinomas (37). The avidin uncombinable fraction of the total 
biotin vitamer (38) content of tumors is usually quite high, both abso- 
lutely, and relatively, when compared with that in homologous normal 
tissues (39, 40, 41), and is suggestive of abnormal biotin vitamer me- 
tabolism in tumors. 

The content of coenzymes I and II was found to be low in leukemic 
cells (42). Leukemic white cells had several fold higher total thiamin 
level than normal white cells (43) but about the same thiamin/co- 
carboxylase ratio as normal white cells (44). Enzyme systems utiliz- 
ing cocarboxylase were not found in either normal or leukemic white 
cells (44). Leukemic erythrocytes contained twice the normal thia- 
min content (43). 

Robertson (45) has made an extensive comparison between the 
ascorbic acid contents of homologous normal and tumor tissues and 
found no evident relationship between the ascorbic acid content and 
the rate of growth or the ascorbic acid level of the tissue of origin. 
Of tumors investigated, seven were lower in ascorbic acid content, 
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nine were higher, and four were the same as the tissues of origin. 
Comparative dehydroascorbic acid and bound ascorbic acid values of 
tumors and normal tissues have been reported (46). Leukemic white 
cells had a high concentration of ascorbic acid or similar reducing sub- 
stance, as compared with normal white cells and in relation to plasma 
values (47). 

Hepatomas induced in rats with p-dimethylaminoazobenzene 
yielded cholesterol crystals, but contained no provitamin D, as did 
neither noncancerous or precancerous liver; likubo transplantable 
hepatoma contained 7 per cent provitamin D (48). 

The many reports that the vitamin A content of the livers or liver 
mitochondria of rats, mice, or rabbits is markedly reduced by injection 
of certain carcinogenic compounds (49 to 59), and the fact that hepa- 
tomas induced by feeding rats 2-amino,5-azotoluene, or other hepa- 
tomas (60), contain little or no vitamin A (52), suggest that vitamin 
A might be definitely concerned in tumor genesis here, and might be 
generally lacking in tumors. However, it has been reported, upon the 
basis of fluorescence microscopy, that tumors usually contain vitamin 
A if they arise from tissues containing appreciable amounts of the 
vitamin (61). The presence and distribution of vitamin A fluorescence 
aided in determining tumor origin in instances. The vitamin A content 
of exudate cells from Erlich mouse sarcoma ascites has been compared 
with nonmalignant exudate cells by histochemical staining reactions, 
and apparently decreased as the degree of malignancy of the cells in- 
creased (62). 

The vitamin E content of Jensen rat sarcoma and Brown-Pearce 
rabbit sarcoma has been reported to be higher than in many normal 
tissues (ca. 4 mg. a-tocopherol per 100 gm. wet weight), whereas fat 
soluble carotenoids were not found in the tumors (63, 64). 

The choline and acetyl choline content of a number of human 
tumors of the central nervous system were determined by the leech 
muscle method and were found to be of the same order of magnitude 
as in normal nerve tissue (65). 

Enzymes. — Several recent reviews have appeared (11, 14). 
Greenstein and co-workers have made extensive studies of a number 
of homologous normal and tumor tissues, particularly hepatic ones, 
with respect to several enzymes (arginase, amylase, xanthine dehy- 
drogenase, catalase, acid phosphatase, alkaline phosphatase, thymo- 
depolymerase, ribodepolymerase), and have shown that whether the 
content of a given enzyme is relatively increased or decreased in a 
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tumor depends upon a number of factors, including type of tumor 
and enzyme, and species and strain of animal (66 to 76). Among 
hepatic tissues, the enzyme makeup of fetal rat liver more closely re- 
sembled that of malignant rat hepatoma than that of normal rat liver, 
The activities of various enzymes were much more uniform in mouse 
tumors than in normal mouse tissues (76), a situation paralleling the 
distribution of the B-complex vitamins already mentioned (30) and 
again suggesting that tumors are of a de- or less differentiated, com- 
mon biochemical tissue type than their normal homologues. 

Greenstein and co-workers have demonstrated that the presence of 
a tumor may influence the enzymatic activities of host tissues remote 
from the site of the tumor (11). The outstanding example of this 
effect has been the reduction of liver catalase activity in rats and mice 
bearing tumors (67, 72, 77 to 80). The mechanism of this systemic 
effect of tumors on liver catalase has not been worked out. Embryonic 
mouse tissue implanted subcutaneously in mice grew for several 
months, but caused no decrease in liver catalase (81). No direct 
action of tumor extracts on the activity of liver catalase was evident 
in vitro. It has been suggested that the effect may be the result of 
interference with the synthesis of the hematoporphyrin nucleus for 
both catalase and hemoglobin (82). It would be interesting to know 
how liver catalase is affected by other conditions such as burns, trauma, 
and infections since this might indicate how specific the effect is for 
cancer. In livers of tumor-bearing rats arginase has also been observed 
to decrease (71), the water content (35, 83) and copper content (8+) 
to increase, and the acid and alkaline phosphatase (66), xanthine dehy- 
drogenase (67), amylase (67), ribose- and desoxyribosenucleic acid 
depolymerases (67, 74+), cytochrome oxidase (85), and peptidase (86) 
not to change. The d-amino acid oxidase activity was often reduced 
to 30 to 50 per cent of normal in livers of tumor-bearing rats (87 to 
92), as compared to values about one tenth normal in hepatomas (93). 
Decreases have been noted in the d-amino acid oxidase apoenzyme, 
uricase, and choline oxidase in livers of rats bearing hepatoma 31 (but 
not Walker carcinosarcoma 256), and in the apoenzyme and uricase 
of liver nuclei; the hepatoma 31 and nuclei thereof contained only 
3 to 5 per cent of the apoenzyme and uricase activity of normal liver, 
and no choline oxidase, and the tumor 256 contained none of these 
three oxidases (94, 95). 

Differences in susceptibility of various strains of mice to spon- 
taneous or induced cancer may find some basis in enzymic differences 
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in certain tissues and organs. The xanthine dehydrogenase activity 
of livers of the cancer-susceptible strain C3H mice was about hali 
that of the cancer-resistant strain JK mice, suggesting differences in 
nucleoprotein or aldehyde metabolism between these strains (96). The 
activity of serum butyric esterase has been reported to be about twice 
as high in two strains of cancer-susceptible mice (strains A and C3H) 
as in a cancer-resistant strain (C57 black) (97); this has been corre- 
lated with the excretion of the enzyme rather than with its production 
in the liver, since the fecal excretion of esterase was higher in the 
resistant mice, whereas the liver (and kidney) esterase was not sig- 
nificantly different (98). Reciprocal foster-nursing altered the serum 
esterase content ; it was decreased by nursing with low mammary can- 
cer mothers, and vice versa, but liver esterase was unaffected (99). 
The hemoglobin level of strains of mice of high cancer incidence has 
been noted to fall off markedly before cancers appeared, in contrast to 
control resistant strains (93). Mice of high cancer incidence have also 
been reported to have larger amounts of fluorescent porphyrins in the 
Harderian glands than do mice of resistant strains (100, 101). 
Earlier observations (102, 103, 104) that tumors usually have less 
cytochrome-c and cytochrome oxidase than normal tissues seem to be 
fairly well supported by more recent work (85, 105, 106, 107), and in 
accord with observations that normal tissue slices show a greater ca- 
pacity to increase their respiration upon addition of p-phenylenedia- 
mine and succinate than do tumor tissue slices (40, 41, 108, 109). 
Albaum & Potter (110) and Elliott (111) have made further studies 
on naturally occurring inhibitors of succinoxidase preparations ob- 
tained mainly from tumors but also in instances from normal tissues. 
There appears to be a direct relationship between tumor phospha- 
tase activity and phosphate deposition since it has been shown that the 
rate of deposition of radioactive phosphate in bone tumors is propor- 
tional to the alkaline phosphatase activity of the tumors (112). Histo- 
chemical determinations of the distribution of alkaline phosphatase in 
various normal and neoplastic tissues have been made by observing 
the deposition of calcium at the site of phosphatase action when tissues 
are incubated with sodium B-glycerophosphate ; the alkaline phospha- 
tases often, though not always, appeared to be most concentrated in 
tissues concerned in calcium deposition or in glucose absorption or in 
tumors derived from such tissues (113 to 118). The alkaline phos- 
phatase activity of rat hepatomas induced by feeding p-dimethyla- 
minoazobenzene has been shown by several investigators to be higher 
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than in normal liver (66, 115, 118, 119). This is in agreement with 
observations that calcium deposition sometimes occurs in this type of 
tumor (118), and may represent an attempt at compensation for inhi- 
bition of some dephosphorylation mechanisms by p-dimethylaminoazo- 
benzene or its derivatives (119). Weil (120) has noted that rats with 
Jensen sarcoma did not show any change in plasma phosphatase during 
tumor growth or regression. 

Warburg & Christian (121) reported that the plasma of rats bear- 
ing Jensen sarcoma contains several times as much zymohexase as 
normal rat plasma. Kubowitz & Ott (122) have isolated from Jensen 
rat sarcoma an enzyme acting on phosphopyruvic acid to form lactic 
acid. 

Pirie (123) has reported further work on the spreading factor, or 
hyaluronidase activity, in several mammalian tumors and fowl fibro- 
mas. 

Earlier observations on transaminase activity (124) in tumors have 
been extended to rat hepatomas and liver (125) and to mouse tumors 
and fetal, kitten, and adult cat tissues (126). Most tumors and rapidly 
growing tissues, including regenerating liver, appear to have a low 
transaminase activity. This has given rise to the suggestion that pro- 
tein synthesis is faster when transaminase activity is low, since the 


activity of this enzyme could eliminate glutamic acid necessary there- 
for. 


Decreases in the concentration of coenzymes I and II in malignant 
tissue (33, 42, 127) have been observed. 

Maver and co-workers (86, 128, 129) have studied the proteinase 
and peptidase activities of extracts of rat hepatoma and normal and 
regenerating rat liver. It was found that the hepatoma contained the 
most proteinase activity (hemoglobin hydrolysis) and peptidase ac- 
tivity (d,/-leucylglycine hydrolysis) of the three tissue types, indi- 
cating a definite alteration in protein metabolism as the liver became 
neoplastic. The peptidase activity of Jensen rat sarcoma compared 
with rat liver, kidney, and spleen disclosed qualitative differences in 
capacity to hydrolyze different synthetic peptides. Similar differences 
in autolytic capacity between tumors and normal tissues have been 
reported (130, 131). Immunological differences and similarities in 
purified cathepsins from normal rat liver, transplanted hepatoma 31, 
and Jensen sarcoma have been demonstrated by serological and ana- 
phylactic techniques (132), and indicate that the cathepsins may be 
somewhat altered as tissues become cancerous. 
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The report that the sera of patients with carcinoma could hydrolyze 
certain peptidases containing unnatural amino acids (133) has stimu- 
lated a great many similar studies involving normal serum and serum 
from cancer patients and animals as well as extracts of normal and 
cancerous tissues (133 to 165). Results of these studies have been 
exceedingly variable and inconsistent, and while it is certain that 
d-peptidase activity does sometimes occur in animal tissues, it is quite 
clear that d-peptidase activity is not a specific characteristic of ma- 
lignant tumors. It is probable that many of the cases of the d-peptidase 
activity observed are to be ascribed to unnoted microbiological con- 
taminations; at any rate most of the literature cited, which involves 
hydrolyses lasting one or several days at 30 to 37° C., must be read 
with this factor in mind. d-Peptidase activity may be more related to 
the age of animal than to the occurrence of malignant tissue (157). 

Unnatural amino acids.—In spite of some thirty papers to the con- 
trary, Kogl and collaborators (166, 167) still continue to support 
vigorously their claim that the proteins of cancer tissue are character- 
ized by the presence of amino acids of unnatural configuration, espe- 
cially d-glutamic acid (168). After an interim of three years since 
their previous experimental paper of the series, these authors, em- 
ploying deuterium analysis (166), report the presence of 20 to 24 
per cent d-glutamic acid in the total glutamic acid in various Brown- 
Pearce tumor metastases, 21 to 22 per cent in human tumor metastases, 
11 to 14 per cent in chemically induced tumors, and 9 per cent in 
Flexner-Jobling carcinoma transplants, as compared with 2 per cent 
in benign uterine tumors, and less than 1 per cent in normal or em- 
bryonic tissues. The tissue protein of all malignant tumors analyzed 
appeared to contain 1 to 4 per cent d-glutamic acid, as compared with 
0.1 per cent or less in all normal or embryonic tissue proteins. These 
results are in close. agreement with earlier results obtained by Kégl 
by isolation. 

A prominent feature of the new data is the high content (13 to 15 
per cent) of /-glutamic acid claimed for all tissue proteins examined, 
malignant or nonmalignant. These high values were obtained as a 
result of hydrolysis for twenty hours instead of seven hours as em- 
ployed formerly, whereby values only one third as great were obtained 
with normal tissues and one half to three quarters as great with ma- 
lignant tissues. The high twenty-hour values for /-glutamic acid are 
much higher than any values obtained by workers previously by either 
isolation or analysis after seven to twenty-two hours’ hydrolysis, and 
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this suggests to Kogl the possibility of some systematic error in deter- 
minations by others of not only /- but also of d-glutamic acid. How- 
ever, K6gl found no appreciable increases in d-glutamic acid after 
twenty as compared with seven hours’ hydrolysis of either normal or 
malignant tissue, so that it is not likely that time of hydrolysis was an 
important factor in the earlier analyses by others for d-glutamic acid 
by means of isotopes (169) or d-amino acid oxidase (170, 171). With 
both of these methods Kégl claimed difficulty in obtaining recovery 
of d-glutamic acid added to hydrolyzates (166, 172), but this reported 
lack of success is not to be regarded as a reflection on either of the 
methods, which in the case of the d-amino acid oxidase is simple, 
direct, and conclusive, even in the matter of recoveries. 

K6gl states that the object of his new and arresting work is to 
reinforce his earlier isolation work by isotopic (deuterium) analyses, 
and he elects not to provide any satisfactory explanation for the many 
opposing results obtained by others, who, however, have good reason 
to believe that the bulk of their results and final conclusions are as 
acceptable as his, to say the least. Kogl makes the plea that, in a 
mutual search for truth by opposing sides of the d-glutamic acid ques- 
tion, more weight be given to the “positive” results obtained by him 
than to the “negative” results of others. He overlooks the fact, how- 
ever, that the results of others are in reality just as positive as his, 
merely opposed thereto ; for his conclusion is the negative of the posi- 
tive conclusion reached by so many others, namely, that malignant 
and normal tissues have essentially the same amino acid makeup with 
respect to configuration. 

The most recent works opposed to Kogl’s conclusion are the two 
extensive investigations of Wieland (173) and Klingmiiller (174), 
the latter appearing shortly after Kogl’s latest paper (166) ; Abder- 
halden (175) reports variable results. Highly significant is the state- 
ment of Warburg (121) that the reported “stereochemical abnormality 
in tumor protein is an experimental error.” In the judgment of the 
reviewers, there is perhaps one chance in twenty that Kogl’s vigorously 
renewed claim (166) is correct, even for some tumors. 

Other constituents—Nucleoproteins isolated from animal livers, 
hepatomas, and Jensen rat sarcoma (176, 177, 178) have close simi- 
larity in amino acid and desoxyribonucleic acid composition (179). 
The minimum molecular weight of the tumor nucleoprotein calculated 
from the amino acid composition was 40,000. pH titration curves in 
6 M guanidine hydrochloride indicated that the nucleoprotein was 
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capable of binding considerably more acid and base than beef serum 
albumin (177). 

Almost all of the protein in a malignant mouse melanoma was water 
soluble and precipitated by 40 per cent ammonium sulfate, which sug- 
gested that it was a pseudoglobulin (180). The minimal molecular 
weight calculated from the content of several amino acids was about 
20,000. The melanin pigment was attached to the protein and could 
be partially released by digestion with pancreatin, to yield a black 
residue that was very rich in sulfur-containing amino acids. This sug- 
gests that the pigment is attached to the protein through cystine or 
methionine. 

Determinations of “free” and “total” cystine in aqueous extracts 
of rat and mouse livers and hepatomas (181) gave values for “free” 
cystine that correspond to the glutathione reported in these tissues by 
earlier workers. Rat hepatoma had significantly less “free” cystine 
than rat liver. More sulfhydryl groups were liberated from rat liver 
than from rat hepatomas upon the addition of denaturing salts. 

Studies on the chemical constitution of lipids of mitochondria from 
normal and tumor cells have indicated an exceptionally high lipid con- 
tent in the case of Jensen sarcoma (182). 

A polysaccharide isolated from a virus-produced chicken tumor 
appeared to be similar to or identical with the polysaccharide found 
in vitreous humor, umbilical cord, and synovial fluid (123, 183). 
Slowly growing transplants of Walker rat tumor 256 contained more 
glycogen than faster growing transplants (184), and this relationship 
was not affected by hypophysectomy. The glycogen content of rat 
hepatomas induced by feeding p-dimethylaminoazobenzene was con- 
siderably less than in normal rat liver (118, 185). 

The citric acid content of tumors has been found to be higher than 
most normal tissues except bone, seminal vesicles, and embryonic 
tissues (186, 187). The available evidence indicates that citrate may 
be important in calcium as well as carbohydrate metabolism. 

The work of Lasnitzki & Brewer on the distribution of potassium 
isotopes in tissues continues to indicate that in most normal tissues 
the isotopic ratio K**/K*! is the same (or less) than that observed in 
ordinary potassium salts, whereas the proportion of K*! may be sig- 
nificantly increased in tumors and tissues of tumor-bearing animals 
and humans (188 to 192). Changes in the proportion of the radio- 
active isotope K* in tumor tissues were not detected (193). 

Beltrami has reported that the ash content of induced tumors in- 
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creased with repeated transplantation (194). Kahler & Robertson 
(195) have reported on the intercellular hydrogen ion concentration 
in tumors and tissues, measured with special glass electrodes. 


METABOLISM 


Glycolysis and respiration —Several recent reviews have appeared 
on this subject (12, 196, 197). The central problem regarding tissue 
metabolism for the period under review has been the comparison of 
homologous normal, precancerous, benign, and malignant tissues with 
respect to hepatomas (185, 198 to 204), epithelial tumors (41, 109, 
185, 201, 202, 205 to 209), sarcomas (40, 41, 109, 202, 210, 211, 
212), leukemias (109, 202, 213 to 222), and chicken leukosis (213). 
Probably the most important single paper is that of Dickens & Weil- 
Malherbe (185), which shows that in the conversion of normal he- 
patic cells to malignant hepatoma there is almost total loss of certain 
highly specialized functions, including synthesis of fermentable carbo- 
hydrate from pyruvic acid, formation of acetoacetic acid from caprylic 
acid, and nitrogenous reactions to be listed in the next section. This 
paper and those by Kidd et al. (41) and Burk (197) bring up to date 
the lively controversy on the specificity of low respiratory quotient 
and the aerobic and anaerobic glycolyses for tumor metabolism (196, 
205, 206, 207, 220, 223 to 228). It is quite clear that when enough 
criteria, including derived quotients, are taken into account (197, 
p. 242), between 95 and 100 per cent of all tumors or tumor types 
may be metabolically distinguished from nonneoplastic tissues in- 
cluding growing and embryonic ones. In regard to the apparently 
critical case brought up by Berenblum, Chain & Heatley (205, 206, 
227), in which it was reported that normal skin epithelium of rabbit 
and Shope virus papilloma possessed essentially the same values for 
respiration and aerobic and anaerobic glycolyses, it may be pointed 
out that this was a comparison merely between a benign tumor and 
normal epithelium admixed with a considerable and unspecified 
amount of nonepithelial tissue. Kidd, Winzler & Burk (41) have 
now made a comparison between the benign Shope virus papilloma 
and the malignant, transplantable V, carcinoma derived therefrom, 
and have shown characteristic differences with respect to glycolytic 
capacity and derived metabolic quotients, and also certain differences 
between the papilloma and normal rabbit skin. It was the opinion 
of these workers that no histologically adequate tissue slice samples 
of epithelial tissue have been prepared from skin by any workers, 
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that were suitable for making any very exact metabolic comparisons 
between normal epidermal cells and benign or malignant tumor cells 
derived therefrom. 

Other aspects of tissue metabolism studied have been respiration 
increases caused by certain indicators (229), effect of various in- 
hibitors (211, 230, 231, 232), effect of temperature (233, 234), effect 
of vitamin A (235), effect of induced tumor resistance, and effect 
of methylcholanthrene on respiratory values of mouse skin prior 
to tumor formation (236, 237). Many studies have been specifically 
directed to ascertaining precancerous metabolic changes, with little 
positive result, except comparatively small effects, as in the case 
of precancerous livers (185, 197 to 200). 

The Pasteur effect (196) has received further elucidation (209, 
238, 239), especially at the hands of Engelhardt & Sarkov (240) 
who have further localized the Pasteur effect shunt (196, p. 451) as 
occurring at the Neuberg-ester-phosphorylase, whereby fructose-6- 
phosphate (Neuberg ester) is converted into fructose-1,6-diphosphate 
(Harden-Young ester) by adenosinetriphosphate. The prevailing oxi- 
dation-reduction potential determines whether phosphorylation of the 
Neuberg ester followed by fermentation takes place on the one hand 
or oxidation through phosphogluconic acid and similar stages on 
the other. The role of oxygen pressure has continued to receive 
attention in tissue metabolism studies (218, 219, 221, 239), and the 
influence of oxygen pressure on tumors in vivo has also been studied 
(241 to 244). 

Tissue culture metabolism—Studies on tissue culture tumor 
metabolism or growth have been reported with respect to methodology 
(245 to 248), and to the effects of p-dimethylaminoazobenzene (249, 
250), amines (251), nicotine (252), gibberellin (253), polysaccharide 
(254), colchicine - (255), macromolecular material (256), radium 
(257), x-rays (258, 259, 260) and low temperature (261). The 
metabolism of mouse sarcomas derived from tissue cultures of normal 
mouse fibroblasts (262) has been found to be characteristic of the 
metabolism of malignant tumors generally (40). 

Nitrogen metabolism.—The transformation of normal liver to 
malignant hepatomas in rats is accompanied by changes in nitrogen 
metabolism that are as profound as those observed in carbohydrate 
metabolism. Thus transaminase (125), d-amino acid oxidase (85), 
xanthine dehydrogenase (70), oxidation of uric acid (185), degra- 
dation of cystine (263), and formation of urea from ammonia or 
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alanine (185) or from ammonia and citrulline (264), have been 
shown to be markedly reduced in primary or transplanted rat 
hepatomas induced by feeding p-dimethylaminoazobenzene. The 
activity of some of the proteolytic enzymes may remain unchanged 
or may increase (128). The observation that the creatine content is 
the same in normal liver and in hepatoma suggests that creatine 
metabolism is not altered in the transformation of liver to malignant 
tissue (265). 

Radiophosphate metabolism—nucleoproteins and phospholipids. — 
Considerable use has been made of radioactive phosphorus, P®, for 
studying phosphate, nucleoprotein, and phospholipid metabolism of 
normal and malignant tissues of patients and experimental animals 
(266 to 289). These studies have indicated that malignant tissues 
take up radiophosphate more readily and release it more slowly 
than do most other tissues, except liver and small intestine. It 
appears that the nucleoprotein and phospholipid fractions are chiefly 
responsible for the uptake and retention of P**. Marshak (56, 290) 
has isolated the nuclei from liver and tumor tissues and shown that 
most of the P** taken up by these cells in short periods was in the 
nucleoprotein fractions. Tumor nuclei took up more P* than did 
liver nuclei. The breakdown of adenylic acid, nucleic acid, and 
related compounds to hypoxanthine by dialyzed Jensen rat sarcoma 
extracts in the presence of a hydrogen acceptor has been demonstrated 
(291). This destruction is in agreement with an observation that 
the uric acid content of tumors was generally higher than in normal 
tissues (85, 292), and suggests an alteration in the metabolism of 
nucleotides and nucleosides in tumor tissue. 

The use of P** in tracer and therapeutic doses for acute and 
chronic leukemia patients and other cancer patients has now been 
reported by a number of workers (30, 270, 271, 275 to 278, 280, 
281, 285 to 288, 293 to 298). It seems established that the differential 
accumulation of P*? in leukocytes and malignant tissues gives a 
distribution that is frequently favorable to the selective radiation 
of the malignant cells. Evidence that the administration of sub- 
therapeutic amounts of radioactive phosphate to leukemic patients 
leads to an increase in organic acid-soluble phosphorus of the blood 
cells has suggested that even tracer amounts of P** may alter phos- 
phorus metabolism (299). The mechanism of the arresting action 
of P** on cancer is still uncertain since Sugiura (300) found that 
the transplantability of mouse sarcoma 180 was diminished only 
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by lengthy exposure to solutions of relatively high P** content 
(ca. 100 micro curies per cc. for 24 hours). 

The metabolism of phospholipids in tumor tissues has been 
studied (301, 302, 303) using both radioactive phosphorus and 
elaidic acid as tracers. Relative differences in turnover of various 
phospholipids were found using these two indicators. With P* it 
was shown that the rate of lecithin turnover was greater than that 
of cephalin in rat carcinosarcoma 256 (302), and it was suggested 
that lecithin might be involved principally in metabolism, and cephalin 
in structural functions of the cell. Sphingomyelin was found in the 
whole cells but not in the nuclei of this tumor (304). Since radio- 
active phosphorus was rapidly incorporated into tissue sphingomyelin 
(305, 306), the conclusion has been drawn that sphingomyelin plays 
an important role in phospholipid-phosphorus metabolism. 

Boron or lithium salts of dyes which localize in tumor tissues 
and there capture slow neutrons and locally release ionizing energy 
or radioactive dyes have been studied (11, 307 to 313). 

Abnormalities in body metabolism induced by tumors—The 
Memorial Hospital group have recently reviewed their series of 
papers on metabolic abnormalities in patients with cancer of the 
gastrointestinal tract (314). The plasma vitamin A levels of 
gastrointestinal cancer patients was found to be significantly lower 
than normal. The administration of vitamin A did not restore the 
plasma level to normal, but the administration of yeast, lipocaic, or 
inositol did (315, 316). The hepatic vitamin A levels of cancer 
patients were in the normal range (317), indicating an abnormal 
distribution of vitamin A between liver and plasma. The liver of 
gastrointestinal cancer patients showed a high incidence of fatty 
infiltration (314, 318), but this in itself did not appear to be responsible 
for the abnormal vitamin A distribution; since fatty livers with low 
vitamin A content may occur, the lipotropic properties of lipocaic 
could be accounted for by inositol alone (316). The hypoproteinemia 
observed in gastrointestinal cancer was not due to dietary deficiency 
(314, 319), but since the glycine tolerance curve indicated a marked 
delay in glycine absorption (320), was probably due partially to 
poor absorption of amino acids. The hypoproteinemia was also 
partly attributable to a defect in protein synthesis since the incidence 
of hepatic dysfunction was high (321, 322, 323). The hypopro- 
teinemia, which persists postoperatively for a considerable time, does 
not appear to be the result of excessive protein breakdown (314, 
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324, 325). The achlorhydria frequently found in patients with gastric 
cancer may be due to the presence of a gastric secretory depressant 
(326). Intravenously administered glycine increased urinary output 
of creatine and creatinine by normal patients and patients with 
benign gastrointestinal disorders but did not do so (even with 
choline also supplied as methyl group source) in the case of patients 
with gastrointestinal cancer and coexisting hepatic cirrhosis (327). 

An abnormal metabolism of ascorbic acid in cancer is suggested 
by observations that prolonged administration of a large amount of 
ascorbic acid was necessary to cause tissue saturation (constant 
urinary output), and after saturation the differences between ad- 
ministered and excreted ascorbic acid were greater in cancer patients 
than in normals (93, 328, 329). Similar changes in ascorbic acid 
metabolism have been reported for other diseases. 

No consistent change in the glucose tolerance test in clinical cancer 
cases was found (330), although the disappearance of glucose from 
the blood stream seemed slower in the group of patients with the 
most anaplastic tumors. However, a disturbance of carbohydrate 
metabolism is suggested by the great increase in urine acidity found 
in gastric carcinoma patients after ingestion of carbohydrate (331, 
332). It has likewise been observed that the blood pyruvate rises 
several-fold soon after rats are implanted with Jensen sarcoma (333, 
334). Human leukemic white cells utilized more pyruvate than did 
normal white cells, but converted less of it to lactate (44), although 
urinary excretion of thiamin and pyrimidine accelerators was normal 
(93). 

Sterol balance studies in normal and tumor-bearing mice (335) 
showed no differences between the two groups. However, when 
the food intake of control rats was restricted to that of litter mates 
bearing transplanted Walker adenocarcinoma 256, it was found that 
the tumor-bearing animals synthesized significantly more sterol than 
the controls (336). An elevation in cholesterol excretion in eight 
out of thirty-two cancer patients has been reported (337). A®-Andro- 
stenetriol-3({) 16,17 has been isolated from urine of a case of adreno- 
cortical carcinoma (338). 

The growth of tumors in rats caused a decrease in the proportion 
of highly unsaturated fatty acids in the subcutaneous fat (339) as 
well as a decrease in total lipids in the skin and carcass of rats ona 
fat-free diet (340). The growth of the tumors was not decreased 
by a diet free of fat for ninety-seven weeks (340). 
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ASPECTS OF CARCINOGENIC MECHANISM 


Chemical, physical, and biological factors—It would be quite 
beyond the scope of this chapter to report on or give references 
to the vast number of papers since 1939 dealing with the structural 
chemistry and synthesis of carcinogens, with problems relating 
chemical structure to carcinogenic action, and with strictly biological 
results of tests of individual, synthetically prepared carcinogens (tests 
to 1940 reviewed by Hartwell [6]); nor can results be detailed on 
many types of possible carcinogenic agents, other than the syn- 
thetically prepared ones, that have been applied by feeding, injection, 
painting, implanting, inhaling, or irradiation, e.g., metals—chromium, 
arsenic, cobalt (341); salts of arsenic (342, 343), selenium (344), 
zinc (345), copper (346), and thorium (347); carbon tetrachloride 
(348) ; urethane (349) ; triphenylethylene (350, 351) ; sulfanilamide 
(352); ergot (353); furfural (354); bile acids (355); chewing 
tobacco (356); tobacco smoke (357); tars of tobacco (358, 359), 
wood smoke (360), tea (361), and maté weed (362); other foods 
(363) ; fuel oil distillate (364) ; heated oils (365) ; oil and water col- 
ors (366) ; croton resin (367, 368) ; creosote oil (369), cod liver oil 
(370) ; necrotic spleen (371) ; various dusts (372 to 376) ; toxic gases 
(377) ; radon seeds (378). 

Considerable progress has been made in correlating chemical 
structure and carcinogenic action (6, 379 to 393). It seems likely 
that the most useful relationships and principles will be obtained 
from a study of closely related series of analogous compounds. In 
the past, in seeking for the dominant factors in carcinogenic action, 
too much attention has probably been paid to structural differences 
as compared to other chemical, physical, or physiological effects, 
eg., fluorescence (394, 395, 396), ultraviolet absorption (397), optical 
rotation (398), ion or salt formation (399), conjugation with 
sulfhydryl compounds (400) or proteins (401, 402, 403), mechanical 
effects (404), solvents and vehicles (405 to 409), limiting doses (408, 
410), local and constitutional effects (411), cauterization (412), 
and mutations (413). 

Excellent and indispensable as the work on synthesis and testing 
of new polycyclic hydrocarbons has been, it is a great weakness 
of work in this field that, as compared to structural considerations, 
relatively little attention has been paid to the many other chemical, 
physical, and metabolic properties of these compounds (see, however, 
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13), in an effort to establish broader principles of chemical carcino- 
genic action than could ever be covered by empirical structural rules 
alone. The limited structural outlook and indicated errors of omission 
in this field have induced a certain sense of stasis and pessimism 
that does not seem at all warranted so far as future research on 
chemical carcinogenesis is concerned. The time is obviously ripe 
to effectively correlate carcinogenesis of already tested compounds 
with their many important properties besides structure. 

One of the most promising lines of investigation dealing with 
chemical principles of carcinogenic action going beyond structural 
considerations is that carried out by Kensler and co-workers (414, 
415, 416), Potter (417), and Cohen et al. (125) on the effect of split 
products of carcinogenic azo dyes on the activities of enzyme systems. 
The known or postulated split products of p-dimethylaminoazobenzene 
inhibit the action of a yeast phosphopyridine nucleotide system (415), 
transaminase (125), carboxylase (416), succinoxidase (417), urease 
(417), and other enzymes (414). It is quite possible that the inhibition 
is due to the combination of the split products with sulfhydryl groups 
in enzyme proteins of the type of triosephosphate dehydrogenase. 
The inhibition of the diphosphonucleotide system by a series of 
(nonacetylated) aromatic amines related to p-phenylenediamine was 
closely correlated with the stability of their semiquinone (free radical), 
intermediary oxidation products, and this in turn with the carcinogenic 
potency of the respective parent azo compounds! Kuhn & Beinert 
(418) believe that fully oxidized quinone forms must also be con- 
sidered in regard to enzyme toxicities, but give no data correlating 
with carcinogenicity; moreover, Kensler et al. (415) found that 
cysteine overcame inhibition by quinone but not by N, N-dimethyl-p- 
phenylenediamine. 

The oxidation of lipids or aldehydes, including catalysis thereof 
by ascorbic acid and similar biological agents, is frequently inhibited 
by a wide variety of carcinogens (419 to 423) which, it would appear, 
often undergo change themselves, thereby. The different effects of 
various oils used as solvent vehicles (405, 406, 424) or in diets (425) 
in applying carcinogens on the degree of carcinogenesic result obtained 
may well be connected with oxidation reactions involved. 

The group at the Barnard Hospital have initiated a systematic 
study to determine and integrate alterations in histological, physical, 
and biochemical properties of mouse skin treated with methyl- 
cholanthrene with a view to building a comprehensive picture of the 
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modifications that lead to cancer in the epidermal cells (426, 427, 
428). Studies on nuclear viscosity (429), cellular and nuclear size 
(430), mitotic frequency (431), lipoid-protein ratio (432), thy- 
monucleic acid (433), sodium and calcium (434), magnesium and 
potassium (435), and iron and ascorbic acid (436) have indicated that 
changes in skin biochemistry appear very shortly after the application 
of methylcholanthrene. Calcium and iron contents dropped to about 
one half of normal (on a nucleoprotein phosphorus basis) within ten 
days, whereas the other chemical constituents showed only minor 
variations during the experimental period leading up to the formation 
of gross tumors. Similar experiments with respect to benzpyrene and 
mineral metabolism and other effects in mice have been described 
by Aivasian (437, 438). 

Perhaps the most significant, single, recent contribution to carcino- 
genesis is represented by the work of Earle and collaborators (262, 
439 to 442) who have obtained the regular in vitro production of highly 
malignant sarcomas in mice upon injection of various strains of 
normal mouse fibroblast tissue cultures, some, but not all, of which 
had been treated with 20-methylcholanthrene. Although a number 
of previous investigators, studying the action of chemical carcinogens 
on normal tissue cultures, had observed certain cell changes (443), 
the present publications are the first record of a series of changes 
which resulted in cells so altered that on injection into animals they 
promptly and consistently gave rise to malignant tumors that were 
grossly and histologically similar to sarcomas previously reported 
as having arisen spontaneously or as having been induced with 
carcinogens in mice. The neoplasms induced in vitro had the ability 
to invade surrounding structures, to produce metastases in instances, 
and, in advanced cases, cause death of the animal ; and as already noted, 
the metabolism of.the tumors has been found (40) to be characteristic 
of highly malignant tumors generally. The methylcholanthrene 
definitely produced progressive changes in the tissue culture cells 
that persisted even after the methylcholanthrene was removed, but 
whether the induction of malignancy resulted from minute amounts of 
residual (not grossly accidental) contamination of the control cultures 
with methylcholanthrene, or required no methylcholanthrene at all is 
still under investigation. Particularly needed is information on how 
long a latent period is required to obtain tumors from the tissue culture 
fibroblasts. The broad significance of the present research lies in 
its having shown that neither the host organism nor material (in- 
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cluding hormones, and possibly viruses) derived from the host 
organism is necessary for the development or maintenance of 
malignancy in tissue cells. Furthermore, the malignant state, as 
evidenced by tumor production, was apparently acquired by the great 
bulk of the cells experiencing the same changes rather uniformly, 
instead of uniquely and randomly as in mutation. The value of 
this research lies fully as much in the issues it raises as in those it 
meets (444). 

Of a similar degree of interest, and requiring independent con- 
firmation, is the claim of Taylor et al. (245, 445, 446, 447) that 
transplanted dba mouse mammary tumors cultivated in the yolk sac 
of developing chicken eggs liberated a virus-like principle that 
produced tumors in dba mice when injected either as an N-size 
Berkefeld filtrate (445) or as a lyophilizate (446). The rapid appear- 
ance of tumors at the site of injection seemingly distinguishes this 
material from the slowly acting chemical carcinogens and possibly 
from the latent virus of mouse mammary cancer (“milk factor,” see 
below). Nonidentity with the milk factor latent virus would be indi- 
cated if and when other types of tumors are demonstrated to yield 
similar cell-free propagating agents or viruses. 

Latent virus of mammary tumors.—The tendency of certain strains 
of mice to have a high or a low incidence of spontaneous mammary 
tumors, once thought to be chiefly an expression of the genetic con- 
stitution of the strains, has been clearly shown to depend also upon 
a factor ingested with the milk of the mother, a so-called extra- 
chromosomal factor (see reviews, 22, 448 to 452). This cell-free 
sedimentable agent that increases the incidence of mammary tumors 
in mice, designated as the mammary tumor inciter, has been reported 
not only in milk but in several tissues and in blood of high cancer 
strain mice (451, 453 to 459). The mammary tumor agent has been 
reported to be filtrable through a Seitz filter (455) and to withstand 
lyophilization (454). It was completely sedimented in the ultracentri- 
fuge at 110,000 times gravity for one hour (459), but at 60,000 times 
gravity for one hour an appreciable portion remained in the super- 
natant liquid (458), and Andervont & Bryan (unpublished) have 
found that pasteurization of mouse milk (60° C. for 30 minutes) 
destroyed the activity. Andervont (460) has reported that strain 
C3H milk influence was transferred through at least two generations 
of resistant, strain C, albino females, and his further unpublished 
work has now indicated that this influence can be passed through 
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at least nine generations of this strain, indicating that the agent is 
self-propagating. Fekete & Little (461) reported that C57 black 
mice, when initially exposed to both intra-uterine and milk agents 
of the dba strain, developed tumors through at least four generations 
of mother to daughter nursing. Studies of the chemical nature, 
physical properties, and biological behavior of the mammary tumor 
agent are compatible with the view that the agent is a latent virus 
(454, 458, 459, 462). 

A somewhat similar foster nursing effect has been reported for 
certain strains of transplantable leukemia in mice (463, 464), as 
has a less related maternal influence in spontaneous leukemia in 
mice (465, 466, 467). 

Endogenous carcinogens.—The possibility that cancer may be 
induced by carcinogenic substances occurring naturally in tissues 
and body fluids has been studied experimentally by several investi- 
gators and the subject has recently been reviewed by Steiner (468). 
Lipid extracts capable of producing cancer in mice at the site of 
injection have been prepared from human livers, particularly those 
of patients dying with malignant disease (469 to 478). Lipids 
extracted from various cancers have also been found to be carcino- 
genic in mice (479 to 483) and rats (478). The presence of 
carcinogenic substances in the lipids of urine from patients with or 
without cancer has also been claimed (484), although other attempts 
to extract such a carcinogenic substance from urine were not suc- 
cessful (485, 486). Cancers have also been produced in mice by 
the injection of the nonsaponifiable lipids of human bile and gall 
bladders (473) and of whole ox bile (487). Little is known of the 
nature of the compounds responsible for the carcinogenic action of 
the lipid extracts. A suggestion (488, 489) that the fluorescence 
spectra of liver extracts showed bands resembling those of the 
carcinogen methylcholanthrene has been severely criticized (490). 

The carcinogenic factor in liver has appeared mainly in the 
nonsaponifiable lipids (472 to 475, 480), whereas the active factor 
in several tumor lipid extracts appeared in the whole extract but 
not in the nonsaponifiable fraction (483), suggesting that different 
agents may be responsible. Injection of material isolated from in- 
flammatory exudates into rabbits’ ears led to proliferations resembling 
neoplasms (491). Substances causing myeloid proliferations when 
injected into animals have been obtained from the urine and feces 
of leukemia patients (492, 493, 494), and substances causing sarcomas 





506 BURK AND WINZLER 


in rats have been obtained by benzene extraction of coli bacteria (495). 

It is possible that tissue extracts may contain carcinogenic com- 
pounds derived from sex hormones, bile acids, cholesterol, and 
other sterols. It is yet too early to draw many conclusions from 
the demonstration of the presence of carcinogenic substances in 
tissue extracts and body fluids; whether or not such substances 
play a definite role in clinical cancer must still be determined by 
future research. 

Metabolism of carcinogens.—Studies on the metabolism of car- 
cinogenic compounds have yielded information on how certain of 
these compounds are detoxified and excreted from the body. Follow- 
ing the observation of Hashimoto (496) that the carcinogen o-amino- 
azotoluene was split at the azo linkage in the rat, Stevenson, Dobriner 
& Rhoads (497) concluded that p-dimethylaminoazobenzene was also 
split at the azo linkage since aminophenol and p-phenylenediamine in 
both the free and acetylated forms were found in the urine of 
p-dimethylaminoazobenzene-fed rats. No p-dimethyl-p-phenylene- 
diamine was found in the urine, but it was assumed that this com- 
pound was the precursor of the excreted p-phenylenediamine. How- 
ever, the demethylation might conceivably occur before the splitting 
of the azo linkage. That the methyl groups of p-dimethylaminoazo- 
benzene might be available for the body was indicated by the discovery 
that p-dimethylaminoazobenzene ingestion prevented the hemorrhagic 
kidney degeneration of rats fed on a low-methionine, low-choline diet 
(498). The interesting observation (499, 500, 501) that the cystine- 
methionine level of rat-diets markedly influences the growth inhibiting 
effect of various carcinogenic and noncarcinogenic hydrocarbons sug- 
gests that the formation of mercaptans is involved in the detoxifi- 
cation of these substances. However, acceptance of this suggestion 
must await the isolation of such compounds from the urine and 
feces of hydrocarbon-fed rats. It is interesting in this connection 
that Fieser and co-workers synthesized the mercapturic acid deriva- 
tives of benzpyrene (502) and found them to be noncarcinogenic. 

A fluorescent substance, BPX, was discovered in the bile, feces, 
and urine of animals injected with 3,4-benzpyrene (404, 503 to 507) 
and was considered to be a monohydroxy derivative of benzpyrene 
(508). This substance as well as a red quinone derivative of benz- 
pyrene was demonstrated in the feces of mice injected intraperitoneally 
with 3,4-benzpyrene (509, 510). The carcinogen apparently passed 
to the liver, where it was largely metabolized and excreted into the 
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digestive tract via the bile. The monohydroxy benzpyrene derivative 
was isolated, and it was shown that the hydroxyl group was in the 8 
position and that the red quinone was 3,4-benzpyrene-5,8-quinone 
(511, 512), and that BPX was 8-hydroxy-3,4-benzpyrene. 

It appears (511) that the greater part of the benzpyrene lost from 
the body appears in the excreta in the form of 8-hydroxy-3,4-benz- 
pyrene or 3,4-benzpyrene-5,8-quinone, neither of which has been 
found to be very carcinogenic. It was observed that 3,4-benzpyrene 
injected or painted on the surface of mouse skin was transformed 
into a blue-fluorescent, alkali-soluble compound that persisted long 
after the original benzpyrene had disappeared (513, 514, 515), and 
was different from BPX, and it was suggested as an intermediate 
stage in the local metabolism of 3,4-benzpyrene (516). The different 
postulated intermediates were partially separated by adsorption on 
aluminum oxide but their nature has not yet been determined. 

The metabolism of 1,2,5,6-dibenzanthracene has also been shown 
to involve the formation of hydroxy derivatives that are excreted 
principally in the feces. Dihydroxydibenzanthracene has been isolated 
from excreta of rats, mice, and rabbits injected with 1,2,5,6-dibenzan- 
thracene (517 to 520). The derivative isolated from rat and mouse 
excreta (520) was identical with 4’,8’-dihydroxy-1,2,5,6-dibenzan- 
thracene synthesized by Cason & Fieser (521). The metabolite 
isolated from rabbit excreta probably differed from the above deriv- 
ative by having the hydroxyl groups in different positions (519, 520). 
The rabbit dihydroxydibenzanthracene is not identical with 3,7- 
dihydroxy-1,2,5,6-dibenzanthracene synthesized by Cason & Fieser 
(522), and it seems likely that the hydroxyl groups are in the 3- and 
8- positions. 

Jones (523) was able to account spectroscopically only for about 
6 per cent of the 1,2,5,6-dibenzanthracene injected into rats as 
unchanged carcinogen and its dihydroxy derivative in the urine and 
feces, an observation that might suggest that dibenzanthracene may 
be excreted as other derivatives. However, further studies (524) 
indicated that the low recoveries might have been due to the retention 
of dibenzanthracene in vesicles near the site of injection. Intra- 
peritoneally administered 1,2-benzanthracene is excreted in the feces 
as a phenolic derivative that is probably 4’-hydroxy-1,2-benzan- 
thracene (525). 

Chang & Young (526, 527, 528) have reported that naphthalene-, 
phenanthrene-, and anthracene-fed rats excreted in the urine an ether- 
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insoluble material that liberated the original hydrocarbon on treatment 
with acid. 3,4-Benzpyrene, 1,2,5,6-dibenzanthracene, and methylcho- 
lanthrene did not form compounds with these properties. 

Metabolic derivatives of other carcinogenic hydrocarbons have 
not been isolated, but the detection of alkali-soluble fluorescent 
products in the bile of fowls injected with several hydrocarbons (529) 
suggested that similar metabolic changes are involved which also 
give rise to hydroxy derivatives that are noncarcinogenic and readily 
excreted. 

Lorenz & Shimkin (530) have investigated the rate of elimination 
of intravenously injected methylcholanthrene from mice of two strains 
which differ markedly in their susceptibility to methylcholanthrene 
induced lung tumors (strains A and C57 black). It was observed 
that the carcinogen disappeared from the lungs and whole carcasses 
at the same rate. The difference in the cancer susceptibility, then, 
could not be accounted for on the basis of different rates of methyl- 
cholanthrene elimination. 

Unsaturated fatty acids in diets have been reported to destroy 
p-dimethylaminoazobenzene, but rice contains a stabilizer and hence 
inclusion of rice in the diet renders it procarcinogenic (531). 


CHEMOTHERAPY 


Bacterial filtrates—Of a number of substances which elicit 
hemorrhage in primary and transplanted tumors in mice, the most 
potent as a class have been obtained from filtrates of a variety of 
bacterial cultures (532 to 545). Such substances also induce the 
Shwartzman phenomenon in rabbit skin, and it is now strongly 
indicated that the agents in the preparations responsible for both 
effects are identical or closely related (546). 

Concentrates of very high tumor-hemorrhage-producing potency 
have been prepared by Shear and associates from filtrates of Serratia 
marcescens grown in simple synthetic medium (535, 537). As little 
as 0.1 ug. of these preparations caused hemorrhage in mouse sarcoma 
37 in 50 per cent of the tumors. The material was found to be a 
polysaccharide containing about 2 per cent nitrogen that was largely 
accounted for as hexosamine nitrogen and by the nitrogenous com- 
ponent of a phospholipid that was firmly bound to the polysaccharide 
(537). This is contrary to the suggestion that the hemorrhage- 
producing material is probably identical with a polypeptide component 
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of certain complete “endotoxin” nonprotein 0 antigens (539, 543). 
The preparations were found to be homogeneous in ultracentrifugal 
and electrophoretic analyses (538). The particles were markedly 
asymmetric in shape, the ratio of the long to short axes being in the 
range 16 to 21 to one. The molecular weight of the material lay 
in the range of 1 to 10 million, although evidence of aggregation 
made this a probable maximum. It has been reported that sulfanila- 
mide raised the minimal hemorrhage-producing doses in mouse 
sarcoma 180, and also the minimum lethal dose of fractions obtained 
from cultures of Salmonella typhyimurium (541, 543). The remark- 
able property of these bacterial toxins in bringing about hemorrhage, 
necrosis, and sometimes regression of experimental tumors at doses 
only 1/100 to 1/1000 of the lethal dose does encourage the hope 
that such agents may eventually be of some chemotherapeutic value. 
Little is known of the mechanism by which the bacterial toxins 
produce hemorrhage in tumors, or of the reason for the selective 
action on tumors, but it seems likely that differences in the fragility 
of the vascular bed may account for the increased sensitivity of the 
tumors. An earlier suggestion that ascorbic acid exerted a protective 
effect against tumor hemorrhage (547) has not been confirmed using 
more highly purified preparations (537). The hemorrhages do not 
appear to be due to the thrombocytopenia induced by the bacterial 
filtrates since reduction of the platelet count by anti-mouse platelet 
serum did not produce hemorrhage in sarcoma 37 (548). Tumors 
implanted in mice previously immunized with Shigella paradysenteriae 
Flexner were found, in contrast to those implanted in nonimmunized 
mice, to be highly resistant to the tumor-hemorrhage factor of the 
Flexner organism (542). 

Production of hemorrhage in tumors is not restricted to bacterial 
filtrates since colchicine, in amounts close to the lethal dose, also gives 
similar effects (532, 549, 550, 551). Hemorrhage in tumors has also 
been elicited by tissue extracts (552) and by moccasin venom (548). 
Likewise, hemorrhage and necrosis in sarcoma 37 were observed when 
tumor bearing mice were injected with very large amounts of hista- 
mine (10 mg.) or peptone (40 mg.); and tumor hemorrhage also 
occurred in tumors of mice bearing sarcoma 37 when they were 
brought into anaphylactic shock by injection with horse serum after 
previously being sensitized to horse serum (553). That the hemor- 
thage produced by bacterial filtrates is likewise an anaphylactic 
response is made somewhat unlikely by the observation that shock 
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is not evident in mice given amounts of bacterial filtrate necessary 
to elicit tumor hemorrhage. 

Tissue extracts and amino acids—A number of investigators have 
recently reported that the injection of tissue extracts may bring about 
a decrease in the growth rate of experimental tumors and frequently 
also causes their regression. Lewisohn and collaborators have ex- 
tended their earlier observations and have shown that extracts of 
spleen, yeast, and grains may cause reduced growth and actual 
regression of a certain percentage of mouse sarcoma 180, mouse 
adenocarcinoma 2136, and spontaneous mouse mammary carcinomas 
(552, 554 to 561), with somewhat similar results with inositol in 
large doses (562). The factor in yeast was found to be water soluble 
and would diffuse through a cellophane membrane, indicating that 
it was not a protein (554). It was apparently not inactivated by 
nitrous acid. It seemed to be precipitated by high concentrations of 
alcohol and by phosphotungstic acid, but not by lead acetate or silver 
nitrate. The active factor was destroyed by 0.5 N hydrochloric acid 
in three hours at room temperature. 

Boyland (563, 564) has reported that orally administered protein- 
free extracts of muscle inhibited the growth of transplanted sarcomas 
and spontaneous mammary carcinomas in mice. A number of organic 
bases were tested, and it was found that ethanolamine and cadaverine 
hydrochloride were the most effective inhibitors of growth of tumors. 
Dobrovolskaia-Zavadskaia & Zephiroff (565 to 568) report studies 
on tumor inhibition by extracts of liver, adrenal gland, and pineal 
gland, and by urine, as have also others with urine (569, 570, 571), 
and with ether-extracted wheat germ oil (572). 

The intravenous injection of a number of amino acids, particularly 
those essential to the nutrition of the rat, has been claimed to inhibit 
the growth, and to cause some regressions, of the Emge sarcoma in 
rats (573, 574, 575). On the other hand, it has been reported that 
proline (one of the alleged protective amino acids) had a slight 
stimulating action on the incidence of spontaneous mammary tumors 
in mice (576, 577), whereas methionine sulfoxide had no effect upon 
the incidence or growth of spontaneous mammary tumors in mice 
(578). 

Heptaldehyde.—Further confirmation that administration of hep- 
taldehyde, alone or in combination with sodium bisulfite, may cause 
liquefaction and regression of certain spontaneous and transplanted 
tumors in mice has been reported (564, 579 to 582), although all 





sary 


have 
bout 
ently 
@ ex- 
ts of 
actual 
nouse 
10mas 
tol in 
oluble 
x that 
ed by 
ons of 
silver 
ic acid 


rotein- 
“comas 
rganic 
iverine 
umors. 
studies 

pineal 


, S78), 


icularly 
_ inhibit 
oma in 
red that 
a slight 
tumors 


‘ct upon 
in mice 


of hep- 
ay cause 
splanted 
ough all 


MALIGNANT TISSUE 511 


tumors do not appear to be affected (583, 584). The administration 
of heptaldehyde is accompanied by debatable renal damage (582, 
584). Heptaldehyde also brought about the resorption of embryos 
in pregnant mice and rats (583, 585). Boyland (581) postulated an 
oxidation of heptaldehyde in vivo by way of pimelic, glutaric, and 
malonic acids. In support of this suggestion it was found that these 
acids had marked inhibitory effects on the growth of spontaneous 
and transplanted tumors. Boyland (563, 564, 581) has observed 
that citral, another aldehyde, was considerably more effective than 
heptaldehyde in inhibiting the growth of spontaneous mammary tumors 
in mice. Of various possible metabolic derivatives studied, none 
showed significant tumor inhibiting activity (581). 

Other agents—Earlier claims that an organic peroxide (dihy- 
droxymethyl peroxide) could inhibit the growth of tumors have been 
refuted by Belkin (586, 587, 588) using a great number of mice 
and several types of tumors. The plant hormones, 3-indolebutyric 
acid and 3-indolepropionic acid, were found to destroy the ability of 
tumor cells to be transplanted into new hosts (589, 590), and have also 
been reported to have some inhibiting effect on the rate of tumor 
growth when injected into tumor-bearing animals (590, 591, 592). 
Inhibition of tumor growth has further been reported for carcinogenic 
and related noncarcinogenic compounds (593 to 597), colchicine 
(595, 598, 599), bacteriophage (600), parenterally administered anti- 
genic proteins (601), glycogen (602), nitrosophenols and aromatic 
diamines (564), ammonium, lithium, and magnesium salts (603, 604), 
monochloracetone and various acid chlorides (605, 606), and heavy 
metals (607). Extensive, systematic, chemotherapeutic studies of 
effects of chemicals, x-rays, and underfeeding on transmitted mouse 
leukemias have provided interesting results, especially in regard to 
benzene and strain differences (597, 608, 609). The use of radio- 
phosphate for therapeutic treatment of leukemia and allied disorders, 
already considered, has been reviewed in detail (294). The role of 
hormones and dietary constituents, regarded as therapeutic agents in 
the broadest sense, is very important but cannot be treated here. 

Avidin.—The suggestion has been advanced that cancer might in 
instances be controlled by the deprivation of biotin brought about 
through the oral administration of avidin (610) either as a concentrate 
or as egg white. This suggestion was based primarily on the assump- 
tion that cancer might have an abnormally high biotin requirement 
and might thus be selectively inhibited by an induced biotin deficiency. 
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The suggestion was also in line with the observation that the addition 
of biotin to diets that protected against the formation of hepatomas 
in rats fed p-dimethylaminoazobenzene increased the incidence of 
liver tumors very significantly (611, 612), and also with the more 
recent observation that a percentage of regressing transplanted hepato- 
mas were induced to resume growth by biotin supplementation (4). 

Favorable changes in a small number of tested cancer patients 
given large amounts of egg white in their diet have been claimed (613, 
614). However, other cancer patients were apparently not benefited 
by the oral administration of large amounts of avidin and egg white 
(615). In these clinical studies, however, frank biotin deficiency symp- 
toms were not obtained. In experimental studies with mice and rats 
(and tumor tissue cultures in vitro), it was reported that neither the 
incidence, growth rate, nor regression of spontaneous mammary car- 
cinomas, transplanted sarcomas, nor Flexner-Jobling carcinomas was 
altered in animals showing biotin deficiency symptoms due to avidin 
or egg white feeding (31, 616). Curiously enough, however, certain 
of the data (616, table 1) indicate a quite definite decrease in mam- 
mary tumor incidence (31 to 14 per cent) and increase in spontaneous 
regression (0 to 8 per cent) upon avidin—-egg white treatment. Of 
some importance here may be the very recent observation of Schade & 
Caroline (617) that egg white is capable of inducing iron deficiency in 
lower (and hence possibly higher) organisms by combination with 
iron; avidin, which combines so effectively with biotin, is not the 
component in egg white responsible for the efficient combination with 
iron. The work of Myer (618) and Laurence (619) indicating a close 
relationship (though scarcely identity) between avidin (or avidin- 
biotin) and lysozymes, and possibly hyaluronidase or spreading factor 
(123), likewise suggests much experimentation. 

The hope of avidin therapy for cancer was based partly on the 
assumption that tumors have an abnormally high biotin content or 
requirement, but this does not seem to be a general phenomenon (24, 
31, 39, 40, 41). A real difficulty with avidin therapy in patients is 
evidently that it cannot or has not produced sufficiently great biotin 
deficiencies to be of critical interest. A much more hopeful approach 
is indicated in the use of antivitamers of biotin (viz., compounds that 
act to overcome biotin activity), as outlined elsewhere (4). Burk & 
Winzler (39) have suggested that miotin, the main avidin-uncom- 
binable, autoclaving-labile, unidentified material in urine and tissues 
that possesses biotin vitamer activity for yeast (viz., acts to overcome 
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biotin deficiency therein), may be an antivitamer of biotin with respect 
to higher animals, and might be able, if isolated and applied in suffi- 
cient quantity, to competitively eliminate biotin in tumors or normal 
tissues far more effectively than does avidin. Likewise, the biotin 
vitamer of known chemical structure, desthiobiotin, which has been 
shown to act as a biotin vitamer for yeast but as a biotin antivitamer 
for L. caset (620, 621), might also act antivitamerically with respect 
to biotin in tumor growth; and the same may be said of still other 
untested but possible antivitamers of biotin, or still more broadly, of 
antivitamers of various other vitamins in general. 
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THE ALKALOIDS 


By Ricuarp H. F. Manske 


The Research Laboratory, Dominion Rubber Company, Limited, 
Guelph, Ontario, Canada 


The period under review has been productive of a fair amount of 
progress in alkaloid research in spite of the unsettled condition of 
world affairs. Most of the progress has, however, come from English 
speaking countries. The large volume of work coming from conti- 
nental Europe and to a lesser extent from the Orient in normal times 
is largely lacking or not readily accessible for review. Our South 
American neighbors are beginning to explore the excessively rich 
alkaloid reserves of their continent, and it is hoped that the next 
decade will witness many important contributions from there. 

No attempt will be made to catalogue the many new alkaloids 
which have been reported, but it should be pointed out that their 
isolation is the necessary preliminary to their further investigation. 
It is therefore desirable to isolate as many new alkaloids as possible 
since progress in their further investigation is generally more rapid 
when a number of related alkaloids are available. The study of an 
individual alkaloid then is not an isolated project but a coordinated 
portion of a much larger and perhaps unified field. It is well known 
that alkaloids may be divided into a limited number of structural 
types, and in many cases it is possible to recognize the type to which 
an alkaloid belongs by elementary and functional group analyses sup- 
plemented by color tests. The determination of structure in some such 
cases is then almost a matter of routine. An outstanding example of 
this thesis is represented by the protoberberine alkaloids and their 
near relatives, the protopine type bases. Members of one group are 
convertible into those of the other, and it is a fact that the elucidation 
of the structure of any individual would have been more difficult had 
it not been for the occurrence of both types and many representatives 
of each type. Specifically, the synthesis of allocryptopine might not 
yet have been accomplished if it could not have been synthesized from 
berberine. The writer therefore considers it of prime importance to 
isolate as many new alkaloids as possible. Many will be recognized 
as belonging to well known types and the elucidation of their struc- 
tures will be rendered easier by this knowledge. Others, however, will 
belong to hitherto unrecognized types, and their structural analysis 
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will be greatly simplified if many examples are available. In this con- 
nection it is pertinent to point out that very little progress in the 
study of the Papillionaceous alkaloids was made until the structure of 
cytisine was settled for once and all. Some members of a type are 
more amenable to chemical examination than others, and the knowl- 
edge gained from one can often be extrapolated to others. But here 
a word of caution is timely. Although the alkaloids contained in any 
particular plant, and often in an entire botanical family, are generally 
related structurally, they are not necessarily so. The copresence of 
anabasine, a pyridine base, and aphylline and lupinine, Papillionaceous 
alkaloids, in Anabasis aphylla is sufficient warning. Incidentally, the 
plant belongs to a family (Chenopodiaceae) which had not, until then, 
been regarded as capable of elaborating alkaloids. To add to the 
dilemma, salsoline was found to be a simple isoquinoline alkaloid, 
and yet its source, Salsola richteri, also belongs to the Chenopodiaceae. 
It is becoming commonplace to find the same alkaloid in plants of 
widely separated botanical families and no reasonable taxonomic con- 
cessions could be expected to bring these families into closer relation. 
Not only does nicotine occur in Nicotiana and Duboisia (Solanaceae) 
but it has recently been found in Asclepias (Asclepiadaceae) (1), 
Equisetum (Equisetaceae) (2) and Lycopodium (Lycopodiaceae) 
(2). These families actually belong to three different botanical orders 
and they are furthermore separated by the prime distinctions of Pha- 
nerogams and Cryptogams. It is certain that nicotine is not typically 
related to solanidine (3) and perhaps other Solanaceous alkaloids. It 
would therefore be presumptuous to expect it to be typically related 
to all other alkaloids with which it occurs, although its close relation 
to the other tobacco alkaloids has been ascertained. It would appear 
as though nicotine, and perhaps a few other alkaloids, are elaborated 
by a mechanism which is present, either latent or active, in virtually 
all plants. 

Lycopodium alkaloids.—The fact that Lycopodium species contain 
alkaloids has long been a matter of record (4) but the first reaily 
concise research in this field is one by Achmatowicz & Uzieblo (5) 
who isolated three alkaloids from Lycopodium clavatum L. of Euro- 
pean origin. They retained the name lycopodine for the chief alka- 
loid. This name is particularly appropriate because lycopodine seems 
to be the one alkaloid which is present in nearly all Lycopodium 
species although Deulefeu & DeLanghe (6) have not recorded it as 
present in L. saururus of South American origin. The writer, in 
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collaboration with Marion (2, 7, unpublished) has isolated lycopodine 
from the following Canadian Lycopodiums: L. complanatum, L. an- 
notinum, L. clavatum, L. obscurum, L. lucidulum, and L. tristachyum. 
As congeners to lycopodine some fifteen new alkaloids have been 
found. Most of them, like lycopodine (C,,-H.;ON) contain only one 
nitrogen atom but the number of oxygen atoms varies from none to 
three. In general they contain either sixteen or eighteen carbon atoms, 
and the premise is that they are closely related structurally. Some, 
however, contain two nitrogen atoms and their relation to lycopodine 
is more problematical. 

When lycopodine was heated with selenium it yielded 7-methyl- 
and 5:7-dimethylquinoline, and in small experiments the former was 
obtained by heating the alkaloid with palladium and with phthalic 
anhydride (8). While it is possible that deep seated structural changes 
may have been effected by these none too mild treatments, it is as- 
sumed at present that a fully reduced quinoline nucleus forms the 
basis of the lycopodine molecule. Complanatine, one of the congeners 
of lycopodine in L. complanatum, has also yielded 7-methylquinoline 
in a small experiment. On the other hand annotinine (C,,.H.,0;N) 
from L. annotinum does not yield a recognizable quinoline derivative 
when heated with selenium. This does not necessarily mean that it 
is not structurally related to lycopodine because it contains an addi- 
tional two oxygen atoms, which are present in a lactone ring, and some 
of the carbon atoms of this ring may also be part of the quinoline 
nucleus. 

Some of the above work has not yet been published. The work 
on L. clavatum also remains to be published, and it is of interest in 
this connection that clavatine and clavatoxine (5) isolated from the 
European plant could not be obtained and are in fact not present. 
The significance of this observation is not yet clear. Taxonomists 
regard the European and American species as identical. There re- 
mains the disconcerting possibility that varietal distinctions or habitat 
have a profound influence on the nature of the elaborated alkaloids. 

Senecio alkaloids—The family Compositae is one of the largest 
recognized, but in general it is notoriously poor in alkaloids. The 
lone exception is the genus Senecio, and closely related or perhaps 
synonymous genera, Erechtites, which comprises well over a thousand 
species and most of these contain alkaloids. The first species ex- 
amined, S. latifolius, yielded two alkaloids (9) one of which was 
shown to be an alkamine ester. The basic moiety resulting from alka- 
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line hydrolysis was given the formula C;H,,O.N, but later work indi- 
cated that it was probably identical with retronecine (10, 11), which 
was obtained by the hydrolysis of retrorsine obtained from S. retror- 
sus. Subsequently retronecine was recognized as the basic constituent 
of a large number of Senecio and other alkamine ester alkaloids not 
only by the writer but by others (12 to 15). In a few isolated 
cases only was retronecine replaced by its dihydro- or anhydro- 
derivative. Some progress toward the elucidation of the structure 
of retronecine was made when Orechoff and co-workers recognized 
that it is closely related to the basic fragment heliotridine, of lasio- 
carpine, itself an alkamine ester obtained from Heliotropium lasio- 
carpum (Boraginaceae). Heliotridine (CsH,;ON) was deoxygenated 
by successive treatment with phosphorus pentachloride and reduction; 
and the resulting base, heliotridane (Cs;H:i;N) was shown to be iden- 
tical with a base similarly obtained from retronecine. 

The greatest progress was made in the study of retronecine when 
Adams and co-workers (12) discovered that monocrotoline from 
Crotalaria spectabilis (Leguminosae) on hydrolysis also yields re- 
tronecine which then became available in amounts adequate for re- 
search. 

Adams and co-workers have revised their earlier formula (17) 
for retronecine on the basis of new experimental evidence. Retrone- 
cine on reduction with hydrogen over Raney nickel yields platynecine 
so that the latter is dihydroretronecine. The earlier work of Men’shi- 
kov (18) had indicated that platynecine is dihydroxy-1-methylpyr- 
rolidizine (I) and this was confirmed. Catalytic reduction of retrone- 
cine yielded retronecanol (II) as the result of hydrogenolysis of the 


CH, CH,OH 


CH, 
2104 | i, Hof HO} 
[ N ] | | | | | 
5 3 
I 


II III 


hydroxyl group which was recognized as primary. A C-methyl deter- 
mination on II was positive whereas retronecine gave a negative 
result. That retronecine is not a derivative of vinylamine was in- 
ferred from a study of a number of vinylamines so that the 2: 3-po- 
sition for the double bond is unlikely. The 1:2-position was chosen 





indi- 
which 
etror- 
ituent 
ls not 
olated 
1ydro- 
icture 
znized 

lasio- 

lasio- 
enated 
iction ; 
> iden- 


: when 
» from 
lds re- 
for re- 


a (17) 
etrone- 
ynecine 
[en’shi- 
hylpyr- 
‘etrone- 
; of the 


yl deter- 
negative 
was in- 
2: 3-po- 
s chosen 


ALKALOIDS 537 


because easy hydrogenolysis is a characteristic of a,f-unsaturated 
alcohols. Conclusive proof of the position of the double bond was 
obtained as follows (19) : desoxyretronecine (IV) was converted into 
the corresponding chloro-compound by treatment with thionyl chlo- 
ride and then reduced with chromous chloride to isoheliotridene (V). 
The last was subjected to ozonolysis in aqueous solution and the 


CH, CH; 
Hof 
N N CO-CH, 


: 


N 
| 
Cc 


H,+CO;H 
IV VI 


product was regarded as 2-acetyl-l-pyrrolidine-acetic acid (VI). It 
was shown to contain the CH,°CO-group and a carboxyl, and it 
yielded a lactone. No other position of the double bond could yield 
a compound containing the same groups. It is therefore obvious that 
retronecine can be represented by III. Benzoyl-platynecine when 
converted to the chloro-derivative and reduced in the presence of 
Raney nickel yielded a base, isoretronecanol which must be iormu- 
lated as VII and which could be oxidized to the corresponding car- 
boxylic acid. 


CH; 
O 
N | | N | 


VII Vill 


The nature of the second hydroxyl group as secondary was shown 
by oxidation of retronecanol with cyclohexanone and aluminum ter- 
tiary butoxide to a ketone, retronecanone, which must therefore be 
either VIII or IX since it yields an oxime and is still basic. 

While this review was in preparation Professor Roger Adams 
has kindly acquainted the writer with a manuscript which has been 
accepted for publication and will shortly appear in the Journal of the 
American Chemical Society. In collaboration with Leonard he has 
succeeded in synthesizing retronecanone as follows: N-m-Nitroben- 
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zoyl-4-methylpiperidine was oxidized to $-m-nitrobenzoylamino-f- 
methylvaleric acid (X), the acid chloride of which on bromination 
yielded the corresponding a-bromo-acid (XI). This on hydrolysis and 
treatment with alkali underwent ring closure to yield a methyl proline 
of formula XII. When the ethyl ester was treated with ethyl acrylate 


H;~"CH - CH, 


| 
C 


H, CH-~CO,H 
NH 
Gas 


X. x=m-nitrophenyl 


there was obtained a di-ester of formula XIII which on ring closure 
with metallic potassium yielded a cyclic ketonic ester (probably XIV 
but the alternate possibility would be equally suitable), acid hydrolysis 
of which resulted in dl-retronecanone (XV). When the above series 


CH;-—CH - CH, CH;-—CH - CH, CO-—"CH-""CH - CH. 


" a 


H, CH-CO,Et CH, a CH N CH; 


/\ ee? 4 


N co 2 CHe 


CH,*CH 
CO,Et 
XIV XV 


of reactions was carried out with optically inactive X the final product 
XV could conceivably consist of four stereoisomeric substances and 
attempts at resolution failed. The entire series of reactions was there- 
fore repeated after X had been resolved into its optically active com- 
ponents by means of quinidine. The retronecanone (XV) thus ob- 
tained from the /-acid (X) proved to be identical with the degradative 
base. It is therefore possible to write unambiguous formulae for 
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retronecine (XVI), platynecine (XVII), and the various derivatives 
and degradation products. 


HO CH,:OH 
| N. | 


XVI 


HO CH,: OH 
[ N 


XVII 


The following table is a summary of most of the known alkamine 
ester bases which give retronecine or a derivative on hydrolysis. 


Alkaloid 


Senecionine 


C,,H,,;0,N 


Jacobine 
C,,H,,0,N 


Seniciphylline 
C,,H,,0,N 


Retrorsine 
C,sH,,O,N 


Senecifoline 


Hieracifoline 
C,,H.,.O0,.N 
Integerrimine 
C,sH,,0;N 
Longilobine 
C,,H,,0,N 
Spartioidine 
C,,H,,0,N 


Source Base 
(Senecio vulgaris (26, 27) 
S. viscosus (27) 
S. squalidus (27) 
S. aureus (14, 28, 29) 
} S. ilicifolius (16) 
S. jacobaea (10) 
S. pseudo-arnica (28) 
LS. integerrimus (28) 


| 

J 

(S. jacobaea (10,14,15) ) 
i: cineraria (14) men 

7 


Retronecine 


C,H,,0,N 





S. erucifolia (15) 


S. spartioides (28) 
S. stenocephallus (24, 25) 


Retronecine 


{3 platyphyllus (24, 25) 


(S. retrorsus (10) 

S. isatideus (15) 

S. graminifolius (16) 
S. glaberrimus (15) 
S. pterophorus (16) 
S. venosus (15) 

LS. ilicifolius (16) 


S. latifolius (11, 22) 


> Retronecine 








Senecifolinine 
C,H,,0,N 
Erechtites hieracifolia (29) Retronecine 
Senecio integerrimus (28) Retronecine 
S. longilobus (28) Retronecine 


S. spartioides (28) 


Acid 


Senecic 
C,,H,,0, 


Jaconecic 
C 1 oH 16% 


Seneciphyllic 
C,,H,,0, 


Retronecic lactone 


Senecifolic 
C,H 1606 


Hieracinecic 


Integerrinecic 
c of t1695 


Longinecic 


C,.H,,0; 
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Alkaloid 

Riddelline 

C,,H 230,N 
Platyphylline 

C,,H,,0;N 
Mikanoidine 

C,,H,g0,.N 
Platyphylline 


C,,H,,0,N 


Graminifoline 
C,,H,,0,N 
Pterophine 
C,,H,,0,N 
Isatidine 
C,,H,,;0,N 
Otosenine 
C,,H,,0,N 


Rosmarinine 
C,,H,,0,N 


Monocrotalline 
C,,H,,0,N 


Grantianine 
C,,H,,0,N 

Heliotrine 
C,,H,,0,N 


Lasiocarpine 
C,,H,,0,N 


Trachelanthine 
C,,;H,,0,N 


Trochodesmine 
C,,H,,0,N 


{ 
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Source 


S. riddellii (28, 32) 


S. platyphyllus (13, 24) 


S. mikanioides (26) 


S. platyphyllus (13) 
S. adnatus 


S. graminifolius (16) 


S. pterophorus (16) 
S. ilicifolius (16) 


S. isatideus (20, 21) 
S. retrorsus (20, 21) 


S. othonnae (22) 


S. rosmarinifolius (23) 


S. hygrophilus (66) 

S. brachypodus (66) 

S. pauciligulatus (66) 

Crotalaria spec- 
tabilis (12) 

C. retusa (12) 


C. grantiana (30) 


Heliotropium lasio- 
carpum (33) 


H. lasiocarpum (33) 


Trachelanthus korol- 
kovi (31) 


Trichodesma in- 
canum (13) 


Base 


Retronecine 


Platynecine 
C,H,,0,N 

Mikanecine 
C,H,,0,N 


Platynecine 
C,H,,0,N 
> 


} Retronecine 


} 


Isatinecine 
C,H,,0,N 

Otonecine 
C,H,,0,N 


Rosmarinecine 


C..0" 


Retronecine 


Retronecine 

Heliotridine 
C,H,,0O,N 

Heliotridine 
CoOL 
CH..O.N 


Retronecine 


Acid 
Riddellic 
C,,H 1 1x 
Senecic 
C,oH,,0, 
Mikanecic 
C 1 gH 1605 


Senecic 


Pterophnecic lactone 
C,oH,,0, 
Isatinecic 


R-CO-0-0H 


Jaconecic 


Senecic 


Monocrotic 
C,H 1 20; 


Heliotrinic 
C,H,,0, 
Lasiocarpinic 
C,H,,0, 

and angelic 


C,H,,0, 


dl-lactic and 
keto-acid 


Papillionaceous alkaloids —The last decade has witnessed remark- 
able progress in the difficult field of the Papillionaceous alkaloids. The 
constitutions of cytisine, lupinine, and dl-oxy-sparteine have been 
satisfactorily determined, the last two having been synthesized as well. 
The structures of several others have been determined in whole or in 
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part and a number have been shown to be amine oxides. This is the 
only family of plants which is known to elaborate amine oxides al- 
though the presence of trimethylamine oxide in fish muscle is a well 
known fact. A number of new alkaloids have been reported (34). 
Worthy of special comment however is the first recorded natural oc- 
currence of 3-methoxypyridine not only in Thermopsis rhombifolia 
(Leguminosae) but also in Equisetum arvense (Equisetaceae) (35). 
The role of this, one of the simplest natural alkaloids, and the nature 
of its precursors in plant metabolism remain a subject for speculation. 

Papaveraceous alkaloids ——The writer has published a series of 
papers dealing with plants of the Papaveraceae and particularly of the 
Fumariaceae. The latter has been treated as a sub-family by Fedde 
(36) in Engler’s Pflanzenreich but Hutchinson (37) finds sufficient 
taxonomic evidence to retain two families. It seems however that as 
long as two families are retained the position of a number of genera 
will be in dispute, and the classification will then be a matter of per- 
sonal preference. It may be permissible to quote Hutchinson verbatim. 

Fumariaceae is now generally recognised as a family distinct from the Papa- 
veraceae proper. It is noteworthy, however, that in both Bentham and Hooker’s 
Genera Plantarum, and Engler and Prantl’s Pflanzenfamilien, it stands as a sub- 
family and tribe respectively of Papaveraceae. As a separate family it was first 
described by A. P. DeCandolle in his “Systema” (1821), again in the “Prodro- 
mus” (1824), and by Lindley in his “Vegetable Kingdom” (1853). Endlicher 
(1836) ranked the group as a subfamily. The present writer is not so much con- 
cerned as to whether the Fumariaceae should be regarded as a family or a sub- 
family. In his opinion it is quite distinctly separated as a group from Papavera- 
ceae proper, and nearly as closely allied to certain genera of Berberidaceae, such 
as Epimedium, Aceranthus and Bongardia. That there is close affinity with cer- 
tain Papaveraceae is quite evident, especially with Chelidonium and allied genera. 
But it is probable that this alliance is more apparent than real, and that the 


Fumariaceae have not arisen directly from the ancestors of the present Papa- 
veraceae. 


The writer would like to add that the alliance is more real than 
apparent, and it is his opinion that the nature of the contained alka- 
loids can already decide the issue. No plant in the entire Papaveraceae 
family has yet been found to be devoid of alkaloids and at least one 
alkaloid, namely protopine, is present in every plant. What is equally 
significant is that protopine has never been found in any plants of 
other families. There is some taxonomic doubt as to whether or not 
the recently established genus, Oceanopapaver, should be relegated to 
Papaveraceae at all. If the plant should become available (it is native 
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to New Caledonia) a chemical examination would certainly resolve 
the question. The probability that protopine is actually present in all 
Papaveraceous plants is becoming more certain in view of its presence 
in a number of hitherto unexamined genera, namely, Hypecoum pro- 
cumbens, Hypecoum leptocarpum, Dendromecon rigida, Platycapnos 
spicatus, Meconopsis, Cysticapnos vesicarius (unpublished). The 
plants named were available in small amounts only but it can be 
stated that protopine is the major constituent. The congeners of 
protopine, in those plants which have been adequately examined, and 
where their constitutions are known, are without exception isoquino- 
line alkaloids. There are however a great many types of isoquinoline 
alkaloids and the different types vary in the frequency of their occur- 
rence. Cryptopine and allocryptopine are not restricted to a few gen- 
era. (The latter has been isolated from Xanthoxylon brachyacanthum, 
a Rutaceae.) The phthalide-isoquinoline alkaloids (narcotine, bicucul- 
line, adlumine, etc.) are confined to Papaver, Corydalis, Dicentra, and 
Adlumia, although hydrastine occurring in Hydrastis canadensis (Ber- 
beridaceae) also belongs to this type. There is however a distinction 
between the Papaver phthalide-isoquinolines and those of other genera. 
Narcotine has been found only in the former. It is distinct from the 
other phthalide-isoquinolines in that it has five alkoxy groups, the 
others having only four. The protoberberine bases (typified by ber- 
berine, palmatine, and their tetrahydro-derivatives) are botanically 
the widest distributed of all isoquinoline alkaloids. In addition to 
Papaveraceae they are present in Berberidaceae, Rutaceae, and Ra- 
nunculaceae but not in the genus Papaver. In fact they appear to be 
restricted to Corydalis, Dicentra, Fumaria, Stylophorum, and Dicra- 
nostigma (38). The aporphine bases are restricted but to other genera, 
namely, Corydalis, Dicentra, Glaucium, and Roemeria. They also oc- 
cur in other families (Menisnermaceae, Lauraceae, Anonaceae) but in 
many cases they lack the N-methyl group or contain less than four 
alkoxy groups and are more often than not phenolic. The benzyl- 
isoquinoline bases occur exclusively in Papaver whereas the phenan- 
thridine bases (chelidonine, sanguinarine, etc.) are confined to a group 
of closely related genera, namely, Chelidonium, Stylophorum, Dicra- 
nostigma, Sanguinaria, Bocconia (39), and Macleaya. However, the 
closely related Hunnemannia is devoid of them but contains the first 
example of a desmethyl base, hunnemanine, in the protopine series. 
The structure of hunnemanine was shown to be that of one of the two 
possible 0-desmethyl allocryptopines since on methylation with diazo- 
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methane it yielded the latter (40). The O-ethyl ether was degraded 
by the well known Perkin procedure and the methoxy-ethoxy-o-toluic 
acid finally obtained must be either XVIII or XIX. It seemed likely 


ze 
O 
cO,H 


CH 
CH, CH, "NO 


OC:H, OCH 
cH) _" 
OCH, OCH, CH, 


XVIII XIX XX 


that the sterically hindered position would carry the free hydroxyl 
group and a synthetic specimen of XVIII proved to be identical with 
the acid obtained from the alkaloid. Hunnemanine therefore has for- 
mula XX. 

It is the writer’s opinion that the facts already enumerated are 
sufficient to justify the conclusion that there is no longer any reason 
for retaining separate family distinction for Papaveraceae and Fumari- 
aceae. When attempts are made to reclassify genera and species within 
a genus, the results are not so concise. This is due in part to the 
limited number of plants examined, and to the fact that the constitu- 
tions of many of the alkaloids have not yet been determined. Some 
conclusions can nevertheless be drawn. At one time the genus Sty- 
lophorum included what is now known as Dicranostigma. Chemically 
there is no reason for such differentiation since the three alkaloids 
(chelidonine, protopine, and stylopine) which occur in S. diphyllum 
also occur in D. franchetianum (38). Species in these genera (or this 
genus) are few, and it is hoped that the examination of a third species, 
D. lactucoides, will be possible shortly. 

As a matter of taxonomic convenience and orderliness it has been 
found desirable to divide polytypic genera into sections and subsec- 
tions. Such divisions are often admittedly arbitrary but the credulous 
are inclined to regard them as fundamental. Ultimately the characters, 
chemical as well as morphological, of a plant must depend upon ge- 
netic fundamentals. A chromosome analysis cannot be decisive, and 
a complete study of the genes is not yet possible. However a chemical 
analysis does not depend upon preconceived ideas of classification so 
that when taxonomists and chemists fail to agree the latter have the 
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advantage. Fortunately agreement is much more common than dis- 
agreement. A large number of plants of the section Eucorydalis have 
been examined. Aside from three exceptions, namely, C. sempervirens 
(41), C. crystallina (42), and C. incisa (unpublished), the alkaloids 
contained in the plants are structurally closely related (43 to 48) and 
this relation extends in many cases to the minor alkaloids. The excep- 
tions noted are devoid of bisisoquinoline alkaloids, but contain instead 
phthalide-isoquinolines. The conclusion is inescapable that the close 
taxonomic relation between the above three species and the other 
members of the section Eucorydalis is no more than accidental. 

Progress in determining the constitutions of the many new alka- 
loids has been necessarily slow, partly because of shortage of mate- 
rial, and partly because it has not been possible to relegate the alka- 
loids to specific types. The constitutions of only twelve alkaloids out 
of the 50 to 60 new ones isolated by the author and collaborators have 
as yet been determined. The recent work on cryptocavine (49) is a 
reminder that new types or radical variations of recognized types of 
isoquinoline alkaloids are still to be looked for. 

The recent investigation of a Corydalis which belongs to a section 
of the genus not hitherto examined is a reminder that many new alka- 
loids still await discovery although the genus Dactylicapnos proved 


disappointing (50). Corydalis thalictrifolia (Sub-section Thalictri- 
foliae) yielded a new alkaloid, thalictrifoline, which on demethylena- 
tion, methylation of the dihydric phenol, and racemization yielded 
dl-corydaline. Oxidation yielded 1-keto-6:7-dimethoxy-tetrahydro- 
isoquinoline XXII, and therefore the structure is that represented by 
XXI (51). 


CH, CH; 


were “CH rer | “CH, 
CH,O N CH,O NH 
CH: : CO 


XXI XXII 


Veratrum and solanum alkaloids——Soltys & Wallenfels (3) were 
the first to adduce positive evidence that solanidine was structurally 
related to the sterols. Selenium degradation yielded Diel’s hydro- 
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carbon (methylcyclopentenophenanthrene) and the base itself gave a 
digitonide. Craig & Jacobs (52) obtained 2-ethyl-5-methylpyridine 
from protoveratrine, cevine, jervine, and also from solanidine by sele- 
nium degradation. Recently they (53) showed that rubijervine and 
isorubijervine gave precipitates with digitonin and confirmed the ear- 
lier work of Soltys & Wallenfels that solanidine on treatment with 
selenium yields Diel’s hydrocarbon. They also obtained from the re- 
action mixture small amounts of 2-methyl- and 2: 3-dimethylphenan- 
threne. Although it is possible to write detailed structural formulae 
on the basis of the above and other observations, such formulae are 
not convincing, except in so far as they contain the carbon skeleton 
of the sterols. 

Erythrina alkaloids.—Although no noteworthy advances have been 
recorded in determining the constitutions of the Erythrina alkaloids an 
important advance in their isolation has been recorded. It was found 
that, after the alkaloids had been removed from an alkaline solution 
by solvent extraction, a large portion of the characteristic physiological 
activity still resided in the aqueous solution. Acid (preferably) or 
alkaline hydrolysis followed by solvent extraction of the slightly alka- 
line hydrolyzate yielded new types of bases which were termed the 
eryso-alkaloids. The chief of these is erysopine, C,;H,O,;N (one 
methoxyl group) which was shown to occur in the seeds of ten 
Erythrina species (54). Erysonine is isomeric with erysopine (55). 
Erysodine, erysocine, and erysonine are isomeric and represented by 
C,sH2,O;N containing two methoxyl groups. 

Miscellaneous alkaloids——The phenolic alkaloid magnoline from 
Magnolia fuscata has been shown to be 7 :7’-desmethyldauricine (56). 
Dauricine has also been isolated from Menispermum canadense and its 
constitution confirmed (57). 

Heliotrinic acid, the acidic fission product of heliotrine, has been 
shown to be a-hydroxy-a-isopropyl-B-methoxy-butyric acid (58). 

Petrosimonia monandra (Chenopodiaceae) has yielded 1.33 per 
cent of piperidine (59). The authors claim that it is the first recorded 
natural occurrence, but Rimington had shown (60) as early as 1934 
that the hydrochloride could be obtained in 4.5 per cent yield from 
Psilocaulon absimile. 

Another Chenopodiaceae, Girgensohnia diptera, has yielded an 
alkaloid termed dipterine (61). It was shown to be identical with 
N-methyltryptamine. Still another Chenopodiaceae, Arthrophytum 
leptocladum, also contained dipterine as well as N-methyl-6-phenyl- 
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ethylamine and a new base termed leptocladine (62, 63). The last 
was shown to be 2:3-dimethyltetrahydrocarboline, a formula already 
suggested by Barger et al. (64) for calycanthidine. The latter, how- 
ever, is optically active whereas leptocladine and the synthetic base are 
not, so that the Barger formula may still be correct. 

The natural occurrence of pyridine to the extent of 2 per cent is 
recorded for the first time from a plant, namely, Aplopappus hartwegi 
(65). Other bases are also present. 


FSSRPNAnazwNH | 


] 
1 





RNAS wWD 


ALKALOIDS 


LITERATURE CITED 


. Marron, L., Can. J. Research, B17, 21-22 (1939) 
. MANSKE, R. H. F., anp Marion, L., Can. J. Research, B20, 87-92 (1942) 


Sottys, A., AND WALLENFELS, K., Ber. deut. chem. Ges., 69, 811-18 (1936) 


. BODEKER, K., Ann., 208, 363-67 (1881) 
. ACHMATOMICcz, C., AND UzIEBLo, W., Rocsniki Chem., 18, 88-95 (1938) 


DeEuLEFEU, N., AND DELANGHE, J., J. Am. Chem. Soc., 64, 968-69 (1942) 


. Manske, R. H. F., anp Marron, L., Can. J. Research, 21B, 92-96 (1943) 


Marion, L., anp MANSKE, R. H. F., Can. J. Research, 20B, 153-56 (1942) 


. Watt, H. E., J. Chem. Soc., 95, 466-77 (1909) 
. MANSKE, R. H. F., Can. J. Research, 5, 651-59 (1931) 
. BARGER, G., SEsHADRI, T. R., Watt, H. E., anp YasutTa, T., J. Chem. Soc., 


11-15 (1935) 


. ADAMS, R., AND Rocers, E. F., J. Am. Chem. Soc., 61, 2815-19 (1939) 

. KONOVALOVA, R., AND OREKHOV, A., Bull. soc. chim. (5), 4, 2037-42 (1937) 
. BARGER, G., AND BLACKIE, J. J., J. Chem. Soc., 584-86 (1937) 

. Biackie, J. J., Pharm. J., 138, 102-4 (1937) 

. DEWAAL, H. L., Onderstepoort ' Vet. Sci. Animal Ind., 16, 149-66 (1941) 

. Apams, R., AnD Rocers, E. F., J. Am. Chem. Soc., 63, 228-35, 537-41 (1941) 


3. MEN’SHIKOV, G. P., Bull. acad. sci. U.R.S.S., 969 (1936) 


. Apams, R., anD Manan, J. E., J. Am. Chem. Soc., 65, 2009-12 (1943) 

. DEWaAL, H. L., Onderstepoort J. Vet. Sci. Animal Ind., 14, 433-47 (1940) 
. DEWAAL, H. L., Onderstcpoort J. Vet. Sci. Animal Ind., 12, 155-63 (1939) 
. ZHDANOvVicH, E, S., AND MEN’sHIKOv, G. P., J. Gen. Chem. (U.S.S.R.), 


4, 835-38 (1941) 


. DEWAAL, H. L., Nature, 146, 177-78 (1940) 
. OREKHOV, A., AND TIEDEBEL, W., Ber. deut. chem. Ges., 68, 650-55 (1935) 
. OrEKHOV, A., Konova.Lova, R., AND TIEDEBEL, W., Ber. deut. chem. Ges., 


68, 1886-90 (1935) 


. MANSKE, R. H. F., Can. J. Research, 14B, 5-11 (1936) 

. BARGER, G., AND BLACKIE, J. J., J. Chem. Soc., 743-45 (1936) 

. MANSKE, R. H. F., Can. J. Research, 17B, 1-7 (1939) 

. MANSKE, R. H. F., Can. J. Research, 17B, 8-9 (1939) 

. ADAMS, R., CARMACK, M., AND RoGeErs, E. F., J. Am. Chem. Soc., 64, 571-73 


(1942) 


. MENn’sHIKov, G. P., AND Boropina, G. M., J. Gen. Chem. (U.S.S.R.), 11, 


209-12 (1941) 


32. Apams, R., HAMLIN, K. E., Jr., JELNIcK, C. F., AnD PHILuips, R. F., J. Am. 


Chem. Soc., 64, 2760-63 (1942) 


. Men’sutkov, G. P., J. Gen. Chem. (U.S.S.R.), 9, 1851-55 (1939) 

. MANSKE, R. H. F., anp Marion, L., Can. J. Research, 21B, 144-48 (1943) 

. MANSKE, R. H. F., Can. J. Research, 20B, 265-67 (1942) 

. FeppE, F., Die Natiirlichen P flanzenfamilien (Engler-Prantl, W. Engelmann, 


Leipzig, 1936) 


. Hutcuinson, J., Kew Bulletin, 97-115 (1921) 


Manske, R. H. F., Can. J. Research, 20B, 53-56 (1942) 


. MANSKE, R. H. F., Can. J. Research, 21B, 140-43 (1943) 





48 MANSKE 


. Manske, R. H. F., Marton, L., anp Lepincuay, A. E., J. Am. Chem. Soc., 
64, 1659-61 (1942) 

. Manske, R. H. F., Can. J. Research, 8, 407-11 (1933) 

. Manske, R. H. F., Can. J. Research, 17B, 57-60 (1939) 

. MAnsKE, R. H. F., Can. J. Research, 9, 436-42 (1933) 

. MANSKE, R. F., Can. J. Research, 16B, 81-90 (1938) 

. Manske, R. H. F., Can. J. Research, 16B, 153-57 (1938) 

. MANSKE, R. F., Can. J. Research, 18B, 80-83 (1940) 

. MANSKE, R. F., Can. J. Research, 20B, 49-52 (1942) 

. MANSKE, R. F., Can. J. Research, 20B, 265-67 (1942) 

. MANSKE, R. F., anD Marion, L., J. Am. Chem. Soc., 62, 2042-44 (1940) 

. MANSKE, R. F., Can. J. Research, 21B, 117-18 (1943) 

. Manske, R. H. F., Can. J. Research, 21B, 111-16 (1943) 

. Cra, L. C., AND Jacoss, W. A., J. Biol. Chem., 143, 427-32 (1942) 

. Crate, L. C., anD Jacoss, W. A., J. Biol. Chem., 149, 451-64 (1943) 

. Forxers, K., anpD Kontuszy, F., J. Am. Chem. Soc., 62, 1677-83 (1940) 

. Fotkers, K., SHAVEL, J., JR.. AND Koniuszy, F., J. Am. Chem. Soc., 63, 
1544-49 (1941) 

. ProskuRNINA, N. F., aNnD OrEKHOv, A. P., Bull. soc. chim. (5), 5, 1357-60 
(1938) 

. ManskE, R. H. F., Can. J. Research, 21B, 17-20 (1943) 

. Men’suiKov, G. P., J. Gen. Chem. (U.S.S.R.), 9, 1851-55 (1939) 

. YURASHEVSKIIi, N. K., anD STEPANOV, J. L., J. Gen. Chem. (U.S.S.R.), 9, 
1687-89 (1939) 

. Rrmincton, C., S. African J. Sci., 31, 184-93 (1934) 

. YuRASHEvSKII, N. K., J. Gen. Chem. (U.S.S.R.), 10, 1781-83 (1940) 


Ba ny a at ot 


. YURASHEVSKII, N. K., J. Gen. Chem. (U.S.S.R.), 9, 595-97 (1939) 

. YURASHEVSKII, N. K., J. Gen. Chem. (U.S.S.R.), 11, 157-62 (1941) 

. BarceEr, G., Jacos, A., AND MADINAVEITIA, J., Rec. trav. chim., 57, 548-54 
(1938) 

. Buewrer, T. F., Mason, T. F., anp Crowper, J. A., Am. J. Pharm., 111, 
105-12 (1939) 

. RicHarpson, M. F., anD WARREN, F. L., J. Chem. Soc., 452-54 (1943) 


THE RESEARCH LABORATORY 
DoMINION RuBBER ComMPaANy, LIMITED 
GuELpH, ONTARIO, CANADA 





SYNTHETIC DRUGS—ANTISPASMODICS 
By F. F. BLicke 


University of Michigan 
Ann Arbor, Michigan 


At the present time, the most spectacular accomplishments in the 
field of synthetic drugs are represented by the discoveries of certain 
chemotherapeutic agents, such as the sulfonamides, and of relatively 
simple compounds, i.e., stilbestrol and vitamin-K substitutes, which 
can be employed to advantage clinically in place of certain hormones 
or vitamins. These achievements have been truly remarkable ones, 
especially in view of the elusive and little-understood nature of the 
relationship between chemical structure and pharmacological activity, 
and their practical value can hardly be overestimated. 

It would be unfortunate, however, if research activities were lim- 
ited to attempts to discover only products which, because of their 
highly dramatic effects, promote wide-spread interest. The alleviation 
of pain and suffering, through the administration of such drugs as 
anesthetics, hypnotics, analgesics, pressor agents, and antispasmodics, 
is still as important as ever in the practice of medicine. Innovations in 


these fields which contribute to a greater margin of safety and a greater 
range of therapeutic usefulness are most desirable. 


ANTISPASMODICS 


While some synthetic drugs were discovered solely as the result 
of fortuitous circumstances, others would hardly be known at the 
present time if it were not for our knowledge of certain medicaments 
of plant origin. To a large extent, synthetic antispasmodics owe their 
development to the two naturally occurring drugs, atropine and pa- 
paverine. The chemical structures of these latter compounds have 
served as patterns for the synthesis of potent products which resemble 
their plant prototypes in molecular architecture ; however, other active 
synthetic compounds have been discovered in which structural simi- 
larity to the original plant drugs is hardly discernible. 

Before a discussion of individual compounds is begun, it seems 
pertinent to mention more in detail the manner in which knowledge 
of the structure of a given pharmacologically active plant compound 
may be utilized to supply clues to the structures of new compounds 
which, if synthesized, might be expected to exhibit pharmacological 
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activity and, possibly, possess properties superior to those of the 
plant drug. 

The ester, atropine or 3-tropoyltropine (1), represents the con- 
densation of tropine with tropic acid. An examination of the alcoholic 
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radical of atropine shows that it is characterized by a completely satu- 
rated bicyclic structure and by the presence of a strongly basic nitrogen 
atom. The cyclic nucleus creates a certain “bulk” in the molecule and, 
furthermore, in this instance makes cis-trans stereoisomeric forms 
possible. If these two features are disregarded—although it should 
be emphasized that in specific instances they may play an important 
role in connection with the pharmacological potency of a molecule— 
the alcoholic radical in tropine may be considered merely as a complex 
basic-alkyl group. 

With this point of view the question arises, could simpler basic- 
alkyl groups be substituted for the tropyl radical without loss of ac- 
tivity and, if so, what groups? 

If the ring structures were opened at the points shown by the 
dotted lines in formula I, and four hydrogen atoms were added, the 
tropane ring would be converted into the acyclic, basic-alkyl radical 
y-(methylisopropylamino)-y-methylpropyl (II). Such a radical, in 
the form of the corresponding alcohol, cannot be synthesized too 
readily ; hence, the preparation of an ester which contained this nu- 
cleus as a part of its structure would be somewhat difficult. However, 
by the use of more readily available alcohols such as y-dimethylamino- 
propanol or $-diethylaminoethanol, products which contain the sim- 
pler but analogous basic-alkyl groups, y-dimethylaminopropy] or f-di- 
ethylaminoethyl, can be obtained. 

Preparation and pharmacological examination, then, of an ester 
(III) prepared from $-diethylaminoethanol, instead of tropine, and 
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tropic acid might prove that this simpler substance exhibits the de- 
sired type of activity. In this event, a number of similar esters would 
be synthesized. The possible variations of such a compound as that 
represented by formula III are so numerous that it is impractical to 
prepare all of them. 

After it has been determined whether or not other radicals can 
be substituted for the tropyl group without loss of activity, attention 
would be directed to the acidic group in the atropine molecule. Tropic 
acid is a-phenyl-6-hydroxypropionic acid or phenyl-(hydroxymethy]) - 
acetic acid. For a reason which will become apparent later, we prefer 
the latter name since it indicates that tropic acid is a disubstituted 
acetic acid. At least some of the many isomers, homologues, and ana- 
logues, which may be used in place of tropic acid for the preparation 
of esters, readily suggest themselves. 

When the complex basic alcoholic radical (2-carbmethoxytropyl) 
in cocaine, 3-benzoyl-2-carbmethoxytropine, is replaced by a simple 
basic alkyl group, and p-aminobenzoyloxy is substituted for benzoyl- 
oxy, a type of local anesthetic is obtained which reaches a high peak 
in usefulness in procaine (f-diethylaminoethyl p-aminobenzoate). It 
was this fact which led investigators to believe that effective anti- 
spasmodics would be discovered among esters in which both the alco- 
holic and the acyl radicals were different from those present in atro- 
pine. 

A number of synthetic analogues of atropine have been described 
in the literature. The two features of these products which interest 
us are their structure and their antispasmodic activity. There is no 
uncertainty with regard to the former, but many difficulties present 
themselves when attempts are made to establish the latter in a strictly 
quantitative sense. In order that the origin and nature of these diffi- 
culties may be better understood, it seems advisable to state very 
briefly the manner in which the pharmacological data are obtained, 
how they are reported, and how they are to be interpreted. 

The customary procedure is to determine, first, the activity of a 
new compound on the isolated strip of rabbit intestine by the method 
of Magnus (1, 2). After a kymograph tracing of the normal, rhythmic 
movements of the muscle has been obtained, the compound to be tested 
is introduced into the bath which surrounds the strip, and the kymo- 
graph record then shows very clearly whether or not relaxation has 
been produced. However, since the object in the use of an antispas- 
modic is not so much to effect relaxation in the normal muscle as to 
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achieve this state in the muscle when it is in a state of spasm, evalu- 
ation of the substance on the untreated intestine often is not deter- 
mined. A spastic state is induced in the intestinal muscle by the intro- 
duction into the bath of a very small amount of barium chloride or 
acetylcholine. It is recognized that smooth muscle spasm may be 
caused either by direct stimulation of the muscle (musculotropic) or 
by indirect stimulation through the nerve endings (neurotropic) ; 
hence, a potential antispasmodic must be tested for effectiveness 
against both types of spasm. Barium chloride is a musculotropic, 
acetylcholine a neurotropic stimulant. 

The very marked differences between the effectiveness of pa- 
paverine and that of atropine against spastic conditions is illustrated 
by the experimental data in Table I. It can be seen that the amount 
of papaverine, expressed as maximum effective dilution or minimum 
effective dose, required to relax the intestinal strip after stimulation 
with barium chloride is much less than the quantity of atropine neces- 
sary to effect the same degree of relaxation. Since papaverine coun- 
teracts the spasm produced by the musculotropic stimulant, barium 
chloride, so effectively in comparison with atropine, papaverine is 
regarded as a musculotropic antispasmodic. However, after the muscle 
has been tensed by the neurotropic stimulant, acetylcholine, relaxation 


is brought about by an amount of atropine which is very small in 
comparison with the dose of papaverine needed to produce the same 
effect—atropine is a neurotropic antispasmodic. 


TABLE I 
MUSCULATROPIC AND NEurotropic AcTIVITY OF PAPAVERINE AND ATROPINE 


Maximum Effective Dilution 





After Barium After 
Chloride Acetylcholine Reference 
Papaverine 1: 100,000 (3) 
Atropine : 2,500 1: 5,000,000 to 1 : 50,000,000 (3) 


Minimum Effective Dose 





After Barium After 
Chloride Acetylcholine Reference 
Papaverine S A 0.5 to0.8 mg. (4) 
Atropine : 0.02 to 0.03 mg. (4) 


If the maximum effective dilution or the minimum effective dose 
of papaverine or atropine is expressed as unity, then the relative 
potency of a substance can be stated in terms of papaverine or atro- 
pine activity. 
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When a large number of compounds is to be tested, it is more 
practical in the preliminary tests to use the normal instead of the spas- 
tic intestine. Furthermore, it is considered to be of value to be able 
to compare the dose required for relaxation of the unstimulated with 
that necessary to relax the stimulated muscle. 

Although the same general procedure is employed in the evalua- 
tion of antispasmodics on the isolated intestine, certain variations 
often are introduced and this circumstance, together with the lack of 
uniformity in the manner in which activity is expressed, makes impos- 
sible any reliable correlation of data published from different labora- 
tories. Since there are certain to be differences in the sensitivity of 
the segments of the jejunum obtained from different rabbits, or even 
from the same animal, average values are far more reliable than those 
which represent a single experiment (5). An increase in the pH of 
the bath in which the intestinal strip is immersed produces a decided 
increase in the tonus, but a decrease in pH causes a fall in tonus; strips 
of uterus and ureters also respond to a change in pH in the same 
manner as the intestinal muscle (6). Whether or not this important 
factor is taken into account routinely is not apparent from the litera- 
ture. Although it is customary to employ a strip of rabbit jejunum 
in the Magnus procedure, guinea pig intestine has occasionally been 
used. The bath which surrounds the strip may be Tyrode’s, Locke- 
Ringer’s, Locke’s, or Broom & Clark’s solution (7). 

Barium chloride and acetylcholine are stimulants most commonly 
employed, but histamine (8, 9) has been utilized in place of the former, 
and carbamylcholine (Lentin) (10, 11), eserine salicylate (12), acetyl- 
B-methylcholine (13), or acetylcholine bromide (8, 14) instead of the 
latter. It was stated by Lehmann & Knoefel (14) that histamine is 
more sensitive to concentration differences, and is more reliable than 
barium chloride, and that atropine is more active against histamine 
than against barium chloride although papaverine is about equally 
effective against both spasmogenic agents. Carbamylcholine was se- 
lected by Wagner-Jauregg, Arnold & Born (10) because it is hydro- 
lyzed less rapidly than acetylcholine. 

Antispasmodic activity has been reported in terms of gram dosage 
(4), maximum effective dilution (3, 15), papaverine activity (16, 17), 
therapeutic index (18), and reciprocal activity (8, 9, 14). Instead of 
the effect produced on the isolated tissue (15, 17), only data obtained 
by observations on the intact animal may be published (18). 

Finally, quite erroneous conclusions can be drawn with respect to 
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relative activity unless cognizance is taken of the inherent and un- 
avoidable errors in pharmacological testing procedures. For example, 
in the case of an antispasmodic, a tabulated maximum effective dilu- 
tion of 1: 200,000 for compound A should be interpreted as a state- 
ment that this dilution is to be found probably somewhere between 
1: 100,000 and 1: 300,000 and that, in the same table, a reported 
maximum effective dilution of 1: 400,000 for compound B does not 
necessarily imply that the latter is exactly twice as active as com- 
pound A. 

In view of this diversity in testing procedures and in the manner 
in which data are recorded, relative activity can be stated only in very 
general terms and consequently, it must be admitted, in a decidedly 
unsatisfactory manner. 

Although we are not concerned in this survey of antispasmodics 
with any activity except that exhibited by a substance on the isolated 
intestine, it would be unfortunate if the impression were created that 
high effectiveness of a compound in this one respect is sufficient evi- 
dence of its therapeutic usefulness. 

After one or more compounds have been selected from a group 
because of their satisfactory activity on the isolated intestine, then 
their effect in the intact animal must be observed. The technique re- 
quired at this stage is much more difficult and time-consuming and, 
usually, it is gastrointestinal motility which is measured rather than 
the degree of relaxation produced in the spastic intestine. Further- 
more, since smooth muscles in different parts of the body do not re- 
spond uniformly to the same drug, tests must be carried out with 
various isolated tissues, and on the organs in situ, in order that the 
influence of the product on different parts of the gastrointestinal tract 
and on the bronchi, gall and urinary bladders, ureter, and uterus may 
be observed. Any substance which seems to be active enough for 
clinical trials must be studied first for acute and chronic toxicity, and 
for its possible effects on respiration and blood pressure. 

It may be stated at this point that our present-day antispasmodics 
are most effective on the gastrointestinal tract, and the probability that 
a single substance will be discovered which will be equally effective 
on all smooth muscles seems remote. 

A series of esters has been tested, the members of which may be 
regarded as atropine in which the tropyl radical has been replaced by 
a variety of basic alcoholic groups. In other words, the compounds 
are basic esters of tropic acid, ROOCCH(C,H;)CH.OH. R repre- 
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sents the following groups: f-dimethylaminoethyl (19), f-diethyl- 
aminoethyl (8), B-piperidinoethyl (18), y-piperidinopropyl (18), 6,6- 
dimethyl-y-diethylaminopropyl (3, 8), 6,B-dimethyl-y-diethylamino- 
propyl (methobromide) (8), homotropyl (18), a basic B-substituted 
ethyl (18) and a basic y-substituted propyl radical (18) in which the 
basic substituent is a condensed system composed of the cyclopentane 
and the 2-methylpyrrolidine rings. The evidence which has been ob- 
tained demonstrates without question that certain esters of tropic acid, 
in which the alcoholic radicals are much less complex than the one 
found in atropine, are effective antispasmodics. The primary acid phos- 
phate of 6,6-dimethyl-y-diethylaminopropyl tropate, (C.H;)2.NCH.C- 
(CH;)2CH,OOCCH(C,H;)CH.OH + H;PO,, is sold under the name 
of syntropan. Some of the basic esters of tropic acid mentioned above 
were synthesized initially by v. Braun, Braunsdorf & Rath (20), who 
stated that they are local anesthetics and mydriatics. 

The -piperidinoethyl (navigan) (21), 6,6-dimethyl-y-diethyl- 
aminopropyl (3, 4), and the B,B-dimethyl-y-piperidinopropyl (3) es- 
ters of acetyltropic acid are antispasmodics. According to Fromherz 
(3), the second-mentioned ester is equivalent pharmacologically to the 
corresponding ester of tropic acid. The 6,f-dimethyl-y-diethylamino- 


propyl ester of O-methyltropic acid (3) is less active than that of tropic 
acid. 





Esters which represent an atropine molecule in which only the 
acyl portion has been modified, and the tropyl radical left intact, have 
not been studied to any extent. The spasmolytic properties of w-tropyl 
benzilate have been demonstrated by Kreitmair (22) ; when tested on 
the cornea, the ester produced mydriasis and local anesthesia. The two 
latter effects are shown quite frequently by antispasmodics. The ester 
was studied also by Hesse, Niedenzu & Zeppmeisel (18) and by Hal- 
pern (4). According to Hesse et al. it is more toxic than atropine, and 
its effect on the intestine is no greater than that of other synthetic anti- 
spasmodics. A clinical report was published by Kroner (23). 

The type of ester in which both the alcoholic and the acyl radical 
are different from those in atropine is the one which has been investi- 
gated most extensively. Hundreds of such esters have been tested 
pharmacologically in connection with antispasmodic investigations. 
A large number of them may be described as basic ethyl or propyl 
esters of disubstituted acetic acids, and, at the present time, it is espe- 
cially among these compounds that useful antispasmodics are sought. 
It was quite logical that the esters to receive special attention should 








556 BLICKE 


be those of disubstituted acetic acids since it was evident that tropic 
acid, if it is regarded as phenyl-(hydroxymethyl)-acetic acid rather 
than as a-phenyl-B-hydroxypropionic acid, belongs to this class of 
acids. Furthermore, since it was more difficult to synthesize an acid 
which contained a hydroxymethyl group than one in which the sub- 
stituent was merely methyl, and since there was no a priori evidence 
that the hydroxyl group would confer any desirable properties on the 
molecule, it followed quite naturally that, sooner or later, basic-alkyl 
esters not only of phenylmethylacetic but also of a variety of phenyl- 
alkylacetic acids would be synthesized. 

It was Halpern (4) especially who called attention to the potency 
of esters of phenylalkylacetic acids. His investigation, which covered 
more than sixty compounds, was not limited to the aromatic-aliphatic 
class but included also esters of aliphatic and aromatic acids. The 
various acids were esterified with such basic alcohols as {-diethyl- 
aminoethyl, y-diethylaminopropyl, B,B-dimethyl-y-diethylaminopropyl, 
and a-methyl-5-diethylaminobutyl alcohol. The esters were tested in 
the form of their hydrochlorides, a few as methoiodides. The actual 
doses which produced relaxation in the isolated intestine, stimulated 
with barium chloride or acetylcholine, were reported for only about 
one third of the compounds while the effects observed for the others 
were stated in the form of very general conclusions. He reported that 
the basic alcohol employed in the preparation of the ester establishes 
the quality (musculotropic or neurotropic) of the activity and the acid 
the potency, and that esters derived from basic ethanols or propanols 
are mainly neurotropic, while those which contain basic pentyl radicals 
are principally musculotropic antispasmodics. Although such generali- 
zations may be warranted as far as his products are concerned, it 
should not be assumed that they apply universally until mass data have 
been examined. Halpern was impressed very favorably by the beha- 
vior of B-diethylaminoethyl phenylpropylacetate ({-diethylaminoethy] 
ester of a-phenylvaleric acid) ; consequently this substance was studied 
in the intact animal (4, 24). In an attempt to find some explanation 
for the activity of this ester, he tested 6-diethylaminoethanol, and 
phenylpropylacetic acid in the form of its sodium salt; neither com- 
pound produced the slightest relaxation in the intestine stimulated by 
barium chloride. 

The earliest pharmacological publication which deals with anti- 
spasmodics, especially in such a manner that the infiuence of the acyl 
radical in esters could be seen, is that of Fromherz (3). He tested the 
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6,B-dimethyl-y-diethylaminopropyl esters of the following acids: tro- 
pic, acetyltropic, acetylmandelic, acetylatrolactinic, benzilic, phenyl-f- 
bromoallylacetic, phenylbenzylacetic, cyclohexylallylacetic, a-benzyl-B- 
acetoxybutyric, and levulinic acid. Probably the reason 6,6-dimethyl- 
y-diethylaminopropyl alcohol was chosen for the preparation of a se- 
ries of esters was that this alcohol was used for the manufacture of the 
very active local anesthetic, larocain, and because the alcohol could 
be obtained readily by the Mannich reaction (25) after isobutyralde- 
hyde had become available commercially. The esters were tested as 
mineral acid salts and as quaternary compounds. The benzilic acid 
ester was found to be very active but was considered to be too toxic 
for practical use. The most satisfactory product seemed to be the ester 
of di-tropic acid (syntropan) (3, 26 to 29). Many esters of the syn- 
tropan type have been described in the patent literature (30, 31). 

In 1936, three years after the first account of syntropan had ap- 
peared in the medical literature, an article was published (32) which 
described the favorable properties of another ester antispasmodic called 
trasentin. This substance is B-diethylaminoethyl diphenylacetate hy- 
drochloride, (CsH;)»>CHCOOCH,.CH.N(C.H;)2* HCl. In this com- 
pound the alcoholic radical, and from some standpoints also the acyl 
group, is simpler than that found in syntropan. Since the pharmaco- 
logical and clinical papers which deal with the respective merits of 
syntropan and trasentin (12, 33) are so numerous, and because there 
is not complete accord in the experimental data, no brief, adequate 
discussion of these esters can be given in this review. 

More recently the properties of a hexahydro derivative of trasen- 
tin, called trasentin-6H (trasentin-H) (5, 12) have been reported. 
This ester is B-diethylaminoethyl phenylcyclohexylacetate hydrochlo- 
ride, (CgH;)(CsH:,:) CHCOOCH.CH,N(C.H;).* HCl. Important 
chemical publications which deal with the preparation of trasentin and 
trasentin-6H are those of Miescher & Hoffmann (34, 35, 36). 

In connection with the study of trasentin-6H, a detailed pharma- 
cological report of a number of products was published by Meier & 
Hoffmann (5). They described the behavior of twenty-three esters 
and amides of the following mono-, di-, and trisubstituted acetic acids: 
phenyl-, cyclohexyl-, phenylpropyl-, cyclohexylpropyl-, diphenyl-, 
tetrahydrodiphenyl-, phenylcyclohexyl-, dodekahydrodiphenyl-, and 
triphenylacetic acid. At least ten different basic alcohols were used in 
the preparation of the products. The amides studied were those which 
corresponded to the esters ; for example, the B-diethylaminoethylamide 
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of diphenylacetic acid and fB-diethylaminoethyl diphenylacetate. The 
esters and amides were tested as salts such as the hydrochloride and 
as quaternary compounds, usually methochlorides or methobromides. 
In the case of B-diethylaminoethyl esters, those obtained from the di- 
substituted acetic acids were found to be more active than those pre- 
pared from mono- or trisubstituted acetic acids. The esters of di- 
phenylacetic acid are active musculotropic as well as neurotropic spas- 
molytics, but are exceeded in potency by esters of partially hydroge- 
nated diphenylacetic acids. The latter are more effective than [-di- 
ethylaminoethyl phenylpropylacetate which was examined by Halpern. 
The introduction of nuclear alkoxy groups into esters of diphenyl- 
acetic acid did not increase activity. Esters which contained an a-hy- 
droxyl group exhibited the side-effects of atropine to a greater degree 
than hydroxyl-free esters. In comparisons of [-diethylaminoethy]l 
esters with other basic-alkyl esters it was found that the latter possess 
no advantages over the former with respect to activity or toxicity. 
The amides behave qualitatively like the esters. However, in the case 
of the amides, those of mono- and trisubstituted acetic acids are more 
active than those of corresponding disubstituted acids. Thus the sul- 
fate of triphenylacetic B-diethylaminoethylamide is almost as active as 
the hydrochloride of B-diethylaminoethyl diphenylacetate. In general, 
it was found that when an ester was converted into a quaternary com- 
pound, such as the methochloride, toxicity and neurotropic activity 
increased while musculotropic activity decreased. Somewhat com- 
parable effects were noticed by Wagner-Jauregg, Arnold & Born (10) 
in the case of quaternary derivatives of esters of diaralkylacetic acids. 
Without question, B-diethylaminoethyl phenylcyclohexylacetate (tra- 
sentin-H), that is, the ester of hexahydrodiphenylacetic acid, seems to 
be the most satisfactory compound. Its neurotropic activity on the 
intestine almost equals that of atropine, its musculotropic activity is 
greater than that of papaverine, and it relaxes the uterus. 

A comparative study was made of trasentin and trasentin-6H by 
Graham & Lazarus (12). They found that the latter is the more 
active both on the isolated and on the intact intestine. Its neurogenic 
activity is comparable to that of atropine, and its myogenic activity to 
that of papaverine. Trasentin-6H, according to them, is 18 per cent 
more toxic than trasentin and about 25 per cent more toxic than atro- 
pine. However, this does not militate against its use in view of its 
very high activity and its relative freedom from the side-effects on 
the pupil, heart, and sweat glands which are characteristic of atropine. 
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A few nuclear substituted alkyl and basic-alkyl esters of phenyl- 
cyclohexylacetic acid were described by Hoffmann (37). Methyl 
p-aminophenylcyclohexylacetate was found to be a weak antispas- 
modic, and methyl p-(6-diethylaminoethylamino)-phenylcyclohexyl- 
acetate was said to be less active than trasentin-H. In the case of 
6-diethylaminoethyl p-aminophenylcyclohexylacetate, the neurotropic 
activity was stated to be slightly higher than that of trasentin-H, and 
the musculotropic activity somewhat less; it is especially interesting 
to note that this p-amino compound, in contrast to trasentin-H, proved 
to be inactive as a local anesthetic in 1 per cent solution. 

Recently Gilman et al. (38) tested a number of basic esters of di- 
phenylacetic acid for local anesthetic activity, and found that all of 
them not only are local anesthetics but are characterized by anti- 
spasmodic and parasympatholytic properties. Especially interesting 
is their statement that trasentin compares favorably with many local 
anesthetics in clinical use; it is more active than cocaine both as a 
block and surface anesthetic, and is less toxic. They also contended 
that [-dibutylaminoethyl diphenylacetate hydrochloride undergoes 
spontaneous hydrolysis in solution. 

During this year a third ester, B-diethylaminoethy] fluorene-9-car- 
boxylate hydrochloride, appeared on the market under the name pava- 
trine. The structural relationship between this compound and tra- 
sentin is a close one. If a bridge were established in the latter between 
carbon atom 2 of one benzene ring and carbon atom 2’ of the other 
benzene ring, the new structure would represent pavatrine, IV(a). 





CHCOOCH,CH:N(C;Hs); 


: \4 s. W Ne 
IV(a), (6) CH,, (c) O, (d) S, (e) NH 


The series of products which was prepared during the search which led 
to the discovery of pavatrine was described recently by Burtner & 
Cusic (8). Although quite a variety of esters was studied, special 
emphasis was placed on the synthesis of fluorene compounds because 
during earlier research on local anesthetics these investigators had 
found that cyclization of certain derivatives of polynuclear carboxylic 
acids enhanced activity. According to the published data (8, 14), the 
introduction of a double bond between two nuclear carbon atoms in 
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basic esters of diphenylacetic acid in many cases increased antispas- 
modic activity with little or no increase in toxicity. 

In their second communication (9) Burtner & Cusic described 
basic esters of other bridged forms of diphenylacetic acid. In these 
compounds the 2,2’ carbon atoms were joined, not by a single bond, 
as in formula IV(a), but through CH2, O, S, or NH, IV(0d) to (e). 
One of the effects of a CH, bridge is illustrated in the case of B-diethyl- 
aminoethyl 9,10-dihydroanthracene-9-carboxylic acid, IV(b). This 
substance was found to be twenty times as active as the corresponding 
ester of fluorene-9-carboxylic acid against spasms induced by his- 
tamine (9); however, if the barium chloride value (14), instead of 
that obtained with histamine, is accepted as a measure of musculo- 
tropic activity it will be seen that the ester is no more active than that 
of the fluorenecarboxylic acid. The dihydroanthracene, IV (b), proved 
to be less effective than the fluorene derivative against acetylcholine. 
In 6-diethylaminoethyl xanthene-9-carboxylate, IV(c), both the mus- 
culotropic and the neurotropic effects are intensified about two fold 
while there is no appreciable change in toxicity. The thioxanthene 
ester, 1V(d), is less active. The ester which contains a dihydroacridine 
nucleus, IV(e), that is an NH bridge, proved to be less effective 
against both types of spasm and is more toxic. 

A more detailed pharmacological report which deals with many 
of the esters prepared by Burtner & Cusic was published by Leh- 
mann & Knoefel (14). The relative spasmolytic activities of forty- 
five products were determined; among them were papaverine, atro- 
pine, syntropan, trasentin, pavatrine, seven basic esters of diphenyl- 
acetic acid, and nine basic esters of fluorene-9-carboxylic acid. It was 
shown that many of the esters, including pavatrine, are local anes- 
thetics. The latter produces mydriasis when applied to the cornea. 
In general, the most effective esters are those in which the basic-alkyl 
group is B-diethylaminoethyl. 

Esters of 9-hydroxyfluorene-9-carboxylic acid, among them the 
tropyl, w-tropyl, and the 6-diethylaminoethyl esters, have been de- 
scribed by Wolfes & Hromatka (39) as antispasmodics, and basic- 
alkyl esters of fluorenonecarboxylic acids have been discovered by 
Ray & Rieveschl (40) which are antispasmodics and local anesthetics. 

In view of the high activity of B-diethylaminoethyl diphenylacetate, 
it was of interest to study esters of xenylacetic acid, that is, esters in 
which two phenyl groups are attached to each other as in biphenyl 
(xenyl). The preparation of basic esters of the general formula 
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p-C,5H;CeH,RCHCOOR’: HCl, in which R represents H, C,H;, 
C.Hi:, CHs, C.H;, or C;H;, and R’ is a basic radical, has been de- 
scribed by Blicke & Grier (41). It was shown by Lewis, Lands & 
Geiter (42) that B-piperidinoethyl methyl-p-xenylacetate hydrochlo- 
ride produces relaxation in the isolated intestine in a dilution of from 
1: 2,000,000 to 1: 4,000,000. 

Esters of acetic acid into which two phenyl groups are introduced 
in the form of a condensed system such as a-naphthyl have been pre- 
pared by Blicke & Feldkamp (43). These esters conform to the gen- 
eral formula a-C,,H;RCHCOOR’; R represents H, CH;, C.H;, or 
C.H;, and R’ a basic radical. Highly active compounds have been 
found in this series. 

Cheney & Bywater (17) described about thirty-five esters and 
amides which were characterized by the presence of a morpholinoalkyl 
group such as f-morpholinoethyl, y-morpholinopropyl, {B-methyl-f- 
morpholinopropyl, or {,6-dimethyl-y-morpholinopropyl. A consider- 
able variety of acids was used for the preparation of the esters, and 
among the acids were diphenylacetic and phenylcyclohexylacetic acid. 
The papaverine activities were reported but a more detailed descrip- 
tion of their pharmacological properties has been published by Rowe 
(15), and by Yonkman et al. (44). Tests were made on the unmedi- 
cated intestinal strip with papaverine as a standard. Many of the esters 
were found to be less active than the alkaloid, a few equaled it, and 
several exceeded it in potency. Based on their research, the following 
conclusions were reached. The acid employed for the preparation of 
an active ester should be a disubstituted acetic acid in which at least 
one group is aryl, since esters of monoaryl, di- and trialkyl, and mono- 
alicyclic acetic acids are relatively inactive. In one instance, the ac- 
tivity was increased only slightly by the substitution of cyclohexyl for 
one phenyl radical in an ester of diphenylacetic acid ; in another case, 
the activity was decreased when this substitution was made. This is 
interesting in view of the fact that trasentin-6H is decidedly more 
effective than trasentin. The amides, for example the 6-morpholino- 
ethylamide of diphenylacetic acid, were shown to be less active than 
the corresponding esters. 

Wagner-Jauregg, Arnold & Born (10) prepared a series of B-di- 
ethylaminoethyl esters of disubstituted acetic acids of the following 
general formula : (RCH.)(R’)CHCOOCH.CH:N(C,H;)2; R = aryl 
or aralkyl ; R’ = alkyl, cycloalkylalkyl, aryl, or aralkyl. The most ac- 
tive products proved to be those which contained a benzyl group. The 
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ester of dibenzylacetic acid was found to be three to four times as 
potent as papaverine. The f-diethylaminoethyl ester of di-(6-phenyl- 
ethyl)-acetic acid was said to be three times as active as papaverine but 
the corresponding ester of di-(B-cyclohexylethyl)-acetic acid proved 
to be only one twentieth as effective as the alkaloid. They showed that 
in some instances the papaverine activity of the ester hydrochloride 
was increased greatly by conversion of the ester into a quaternary de- 
rivative which was effected through addition of such compounds as 
ethyl bromide, octyl bromide, or benzyl bromide to the ester. On the 
whole, the atropine activity for their products was low. The com- 
pounds which represented the most favorable combination of both 
musculotropic and neurotropic properties were found to be {-diethyl- 
aminoethyl phenylbenzylacetate and {-diethylaminoethyl isopropyl- 
benzylacetate. B-Diethylaminoethyl dibenzylacetate hydrochloride was 
administered to human subjects but since it produced vomiting and a 
feeling of faintness, the product was considered unfit for clinical use. 
It was shown that two esters, B-diethylaminoethyl di-(6-phenylethyl)- 
acetate and tropyl dibenzylacetate, in the form of their hydrochlorides 
produced local anesthesia when applied to the rabbit’s cornea. 

Basic esters of benzilic acid, diphenylhydroxyacetic acid, deserve 
special mention because they have been examined as potential anti- 
spasmodics in so many instances (3, 4, 8, 14, 17, 22, 23, 45). Although 
a number of them are quite active, the general opinion seems to be 
that they are too toxic for therapeutic use. In at least some of them, 
local anesthetic (14, 38) and mydriatic (46) properties are developed 
to a high degree. Gilman et al. stated that B-diethylaminoethy! ben- 
zilate compares favorably with papaverine and approaches atropine 
in parasympatholytic activity. 

Quaternary compounds, obtained from basic esters by interaction 
with an alkyl or aralkyl halide, often are highly active spasmolytics ; 
however, they are apt to be more toxic than the tertiary amino com- 
pound from which they were prepared. Whenever esters are synthe- 
sized in order that they may be examined for antispasmodic or mydri- 
atic activity, it is customary to convert a few of them into quaternary 
products. 

Eumydrin, methylatropinium nitrate, was introduced as a mydri- 
atic about 1903 (47). Because of its more recent application as a spas- 
molytic, especially in the treatment of pyloric stenosis of infants, and 
because of the conflicting statements in the literature, it was studied 
by Graham & Lazarus (48). They found that its potency on the in- 
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testinal tract is equal to that of atropine but it is about three times as 
toxic. 

Novatropine, methylhomatropinium bromide, and atropine, accord- 
ing to Quigley (49), produce about the same degrees of inhibition on 
the human stomach, and on the stomach and colon of unanesthetized 
dogs. 

During the last few years several basic esters of unusual interest 
have been studied. The novel structural feature of these products is 
the presence of the basic nitrogen in the acyl instead of in the alcoholic 
radical. The pharmacology of one of these esters, designated as benzyl 
6-dimethylamino-a-phenyl-a-ethyl-propionate hydrochloride, was de- 
scribed by Unna (50). It would be just as proper to regard this ester 
as a trisubstituted acetate, benzyl dimethylaminomethylphenylethyl- 
acetate, (CH;)2.NCH.(C,H;)(C.H;)CCOOCH.C,H;, and thus, to 
some extent, correlate it with the basic esters of disubstituted acetic 
acids which have been discussed. The ester has good papaverine ac- 
tivity but is a weak neurotropic antispasmodic. It produces anesthesia 
on rabbit cornea, and also by intradermal injection. 

Ethyl diphenyl-a-(6-morpholinoethyl)-acetate has been mentioned 
in the patent literature (51) as an antispasmodic. 

Another ester, one which has attracted a great amount of atten- 
tion, is called demerol or dolantin, V. It is the hydrochloride of 
ethyl 1-methyl-4-phenylpiperidine-4-carboxylate (52, 53). In 1939, 
it was announced by Eisleb & Schaumann (54) that the ester exhibits 


sedi Fa 
CH;-N fi 
CH.——CH; COOC;H; -HCl 
V 


not only the antispasmodic activity of both atropine and papaverine, 
but also an analgesic effect comparable to that of morphine. Naturally, 
in view of such statements, especially the one relative to analgesic 
properties, the compound would be examined extensively by pharma- 
cologists (55 to 60) and clinicians (61, 62). Gruber, Hart & Gruber, 
Jr. (63) found demerol to be less effective than papaverine hydro- 
chloride on isolated tissues. However, the chief interest in demerol 
lies not so much in its possible usefulness as an antispasmodic but in 
its value as a morphine substitute. Probably some time will elapse 
before definite and final conclusions are reached with regard to its 
analgesic potency and its freedom from addiction. 
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Since demerol is the first, relatively simple synthetic product dis- 
covered which possesses a structure radically different from morphine 
yet seems to resemble the latter in activity, it is especially interesting 
to know how the substance was discovered in the I. G. Farbenindus- 
trie laboratories. This was disclosed by Schaumann (11) who stated 
that a clue was obtained by observation of the peculiar position of 
the tails of mice during toxicity tests. Presumably he referred to the 
S-shape of the tail, commonly known as the Straub reaction. He 
stated that, even though this effect is not necessarily characteristic of 
morphine, its observance after the administration of a compound could 
be taken as an indication that the substance might have some property 
in common with the alkaloid. In this same article, Schaumann pre- 
sented data with regard to the relative antispasmodic and analgesic 
potencies of a large number of products related to demerol in struc- 
ture. 

In addition to the basic esters just discussed, interesting as well as 
clinically important antispasmodics are to be found in another group 
of compounds which cannot be characterized any more definitely than 
by the term amines. 

Papaverine, 1-(3’,4’-dimethoxybenzy])-6,7-dimethoxyisoquinoline, 
had been isolated in 1848 but its possible therapeutic importance 
was not recognized until the discovery by Pal (64, 65, 66), in 1913, 
that the alkaloid possesses antispasmodic properties. This substance 
became of increasing interest, and by 1928 some concern was felt 
about the amount which would be available to meet clinical demands 
(67). Papaverine is isolated incidental to the extraction of morphine 
from opium, but after the quantity of morphine to be placed on the 
market had been fixed by international agreement, the amount of 
papaverine which could be obtained legally from this source also was 
limited. Due to the high cost of the raw material and the low yields of 
the product, manufacturing processes, which might have been used 
fifteen years ago, and by means of which the supply of papaverine 
could have been augmented, did not seem feasible. Consequently, at- 
tention was directed to synthetic products, very similar to papaverine 
in structure, which had been described in the literature, and a number 
of new, papaverine-like compounds were synthesized. In these new 
compounds two methylenedioxy groups, for example, were substituted 
for the four methoxy groups in papaverine, or the latter were partially 
replaced by hydrogen, a methyl group was attached to the 3 carbon 
atom, the benzyl group was exchanged for phenyl, B-phenylethyl, di- 
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phenylmethyl, etc. Some of these substances were discovered to be 
equal or superior to the alkaloid in potency and in their therapeutic 
index, and could be manufactured at a more reasonable cost. Atten- 
tion was directed especially to eupaverin (67 to 70) and perparin 
(68, 69) ; the former is 1-(3’,4’-methylenedioxybenzy]) -3-methy1-6,7- 
methylenedioxylisoquinoline hydrochloride, the latter 1-(3’,4’-dieth- 
oxybenzyl)-6,7-diethoxyisoquinoline hydrochloride. It seems probable 
that these substances, due to the great similarity in structure, possess 
at least some of the defects of papaverine. Parenteral administration 
of papaverine in the form of its salts, such as the hydrochloride, is 
unsatisfactory for the following reasons: due to the relatively low 
water-solubility, only solutions of very limited concentration can be 
prepared ; because of the weakly basic nitrogen in the molecule, the 
salts hydrolyze, hence the solutions are acidic (68), and cause pain 
when injected ; and, the drug is not absorbed satisfactorily since the 
insoluble papaverine base is precipitated by the hydrolysis of the salt 
(16). The spasmolytic activity of the 1-methyl, 1-phenyl, 1-benzyl, 
and 1-phenylethyl derivatives of 3-methyl-3,4-dihydroisoquinoline and 
of 3-methyl-1,2,3,4-tetrahydroisoquinoline was determined by Cun- 
ningham & Fellows (71). 

Macht (72, 73) attributed the spasmolytic properties of papaverine 
to the presence of the benzyl group. Because of Macht’s affirmation, 
simple esters which contained the benzyl group, such as benzyl suc- 
cinate, benzyl fumarate, and benzyl benzoate, appeared on the market 
some years ago. Although these compounds may be effective for cer- 
tain conditions, their endorsement as strong antispasmodics does not 
seem to be warranted on the basis of pharmacological evaluations. 

Substituted hydroxybenzyl alcohols have been described by Dun- 
ning, Jr., Dunning & Reid (74), and were tested with saligenin (o0- 
hydroxybenzyl alcohol) as a standard. The latter, to a limited degree, 
is an antispasmodic, antiseptic, and local anesthetic. 

In order to obtain information relative to the significance of the 
benzyl group in papaverine, Kreitmair (75) studied the properties of 
the hydrochlorides of the following four compounds: (a) 1-benzyl-3- 
methyl-6,7-methylenedioxyisoquinoline; (b) 1-phenyl-3-methyl-6,7- 
methylenedioxyisoquinoline; (c) 1-(3’,4’-methylenedioxybenzyl)-3- 
methyl-6,7-methylenedioxyisoquinoline; and (d) 1-(3’,4’-methylene- 
dioxypheny])-3-methyl-6,7-methylenedioxyisoquinoline. It is appar- 
ent that compounds (a) and (b) are alike except that the former con- 
tains a benzyl group, the latter a phenyl; the same statement can be 
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made for compounds (c) and (d). The benzyl compounds were found 
to have about the same order of activity as papaverine but the phenyl 
compounds are ten times as active on the isolated intestine. From this, 
and other investigations (76, 77), it is evident that the benzyl radical 
in papaverine plays a subordinate role as far as antispasmodic activity 
is concerned. Other attempts to find active analogues of papaverine 
have been described in the literature (67, 78, 79, 80). 

In 1939, Buth, Kiilz & Rosenmund (16) published their first 
chemical article which describes the search, begun ten years earlier, 
for papaverine substitutes. Since it seemed that isoquinoline com- 
pounds, in general, probably would not be free from the defects of 
papaverine (VI), they decided to synthesize derivatives of a new 
parent compound, namely di-(f-phenylethyl)-amine. It was consider- 
ation of the following facts which led them to adopt this structural 
pattern. In certain instances, a completely saturated ring may be 
opened without loss of activity. 1,2,3,4-Tetrahydropapaverine (VII) 
is a weak antispasmodic. If one of the rings in this compound were 
opened at the point shown by the dotted line in formula VII, and two 
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hydrogen atoms added, di-(6-3,4-dimethoxyphenylethy])-amine 
(VIII) would be obtained. Since this amine with its four methoxy 
groups is more difficult to synthesize than di-((-phenylethyl)-amine, a 
sample of the latter was prepared first in order that it might be tested 
for antispasmodic activity. It was found that this substance does relax 
smooth muscle to some degree, and it was but natural to expect that 
derivatives could be found which would exhibit enhanced activity. 
This proved to be the case. The number and variety of such deriva- 
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tives which can be obtained by relatively simple processes is surpris- 
ingly large. About thirty of them were described in the publication 
by Buth et al. Most of the amines conform to the following general 
formula: Aryli-CH.—-CH(R)—NH-CH (R’)-CH,-Aryl, where Aryl= 
phenyl, methoxyphenyl, dimethoxyphenyl, or methylenedioxypheny] ; 
and R and R’ = hydrogen, methyl, ethyl, propyl, isobutyl, benzyl, 
or phenyl. Some of the amines proved to be less active, others more 
active than papaverine. It was found that, whereas introduction 
of methoxy or methylenedioxy groups into the benzene nucleus does 
not increase activity, compounds more potent than papaverine were 
obtained by replacement of a beta hydrogen of the carbon chain by 
methoxy, alkyl, benzyl, or phenyl. Some of the amines also produced 
local anesthesia and others, like lobeline, were found to be respiratory 
stimulants. 

In another investigation, Kulz & Rosenmund (81) studied unsym- 
metrical amines of the following general type: C,H;CH2CH(R)NH- 
CH(R’)CH:C,H;, where R = H or CH, and R’ = C.H;, C;H;, 
C,H», or C,H;. They found that activity increased with an increase in 
the carbon content of R’. Since salts of these amines are not soluble 
enough, and because the amines would be too costly to manufacture, 
another series of amines was prepared in which chains with an in- 
creasing number of carbon atoms were attached to the nitrogen atom 
in di-B-phenylethylamine: (C;sH;CH.2CH.).N —R, where R = CH; 
C.H;, C;H;, or CgH,;. The hexyl compound is one to two times as 
effective as papaverine. However, it was found that more potent 
products were obtained when an alkyl radical was attached to the 
benzene ring. The papaverine activity for B-phenylethyl-B-p-tolylethyl- 
amine was found to be 1.5 and that for di-(6-p-tolylethyl)-amine 
was 2. Finally, since salts of the amines which contain an N-alkyl 
group are more water-soluble, a group of N-alkyl amines was synthe- 
sized in which the carbon chain between the phenyl group and the 
nitrogen atom was lengthened. A compound of this type, ethyldi-(y- 
phenylpropyl)-amine hydrochloride, (CsH;CH.CH.CH.).NC.H;°- 
HCl, was placed on the market under the name sestron (82, 83). It 
has a papaverine activity of 2.3. After all of the requirements for a 
clinically useful product had been taken into consideration, this amine 
was considered to be the most satisfactory member of the group of 
140 compounds which had been studied. 

Primary, secondary, and tertiary amines which contain at least one 
6-phenylethyl group were prepared by Kindler & Peschke (84). They 
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found that compounds which contain a nuclear ethoxy group are more 
effective than corresponding methoxy derivatives. 

Since one of the rings of the isoquinoline nucleus in papaverine can 
be completely hydrogenated and opened without complete loss of anti- 
spasmodic activity, what would be the effect if both rings were com- 
pletely saturated and then one of them ruptured at the same point 
shown in formula VII? In order to answer this question, an extensive 
series of cyclohexyl amines of the general formula C,H,,(CH,),- 
N(H or alkyl)(CH:),C.Hi; were prepared by Blicke & Monroe 
(85), and Blicke & Zienty (86). Many of them in high dilution pro- 
duced relaxation in the isolated intestine, and methyldi-(6-cyclohexyl- 
ethyl)-amine hydrochloride was examined pharmacologically more in 
detail (87, 88). 

After the discovery of the activity of cycloalkylalkylamines it was 
only logical to expect that spasmolytics might be found among the 
amines which are purely acyclic in structure. In fact, as early as 1933, 
active unsaturated, aliphatic amines had been found. Miigge (89) 
reported that a number of heptenes and octenes had been sent to him 
by the Knoll firm. Upon investigation, he found that methylaminoiso- 
octene, or more specifically 2-methyl-6-methylaminoheptene-2, 
(CH,;)2.C = CHCH.CH.CH(NHCH;)CH,s, is an antispasmodic. This 
substance, in the form of an aqueous solution of the very hygroscopic 
hydrochloride or the solid mucate, appeared on the market under the 
name octin (octinum) (90). A number of unsaturated, aliphatic 
amines were studied by Hesse, Niedenzu, & Zeppmeisel (18), and 
according to them 2-aminohexene-5, CH. = CHCH.:CH.CH(NH,)- 
CHs, is more active than octin. 

During the continuation of the study of synthetic antispasmodics 
under the writer’s supervision, a number of simple, saturated, ali- 
phatic amines were synthesized (91). It was found that some of 
these compounds, among them hexyloctyl-, dibutyloctyl-, and ethyldi- 
heptylamine, did exhibit spasmolytic activity. Although a total of 433 
amines were prepared (85, 86, 92, 93) and about 60 per cent of them 
were found to produce relaxation, at least to some degree, in the 
isolated intestine, no very definite relationship between structure and 
antispasmodic activity was apparent. A number of saturated aliphatic 
(94, 95) and unsaturated aliphatic amines (96, 97), stated to possess 
spasmolytic properties, have been mentioned in the patent litera- 
ture. 

In a few instances, comparisons have been made between the in- 
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tensity of the spasmolytic activity of a given substance and the magni- 
tude of a certain physical property. Halpern (4) was unable to estab- 
lish any direct relationship between surface tension and antispasmodic 
potency. A few years earlier, v. Issekutz, Leinzinger & v. Issekutz, 
Jr. (98) had studied a number of miscellaneous types of products— 
alkaloids, compounds of the papaverine type, local anesthetics, alco- 
hols, urethanes, substituted ureas, etc——with respect to their action 
on the isolated intestine, and determined also their surface tension. 
They claimed that a direct relationship exists between this physical 
property and the effect on the muscle. Junkmann (99) measured the 
surface tension of a number of compounds and stated that to some 
extent there seemed to be a parallel relationship between surface ten- 
sion and spasmolytic activity. 

Fromherz (3) was the first to investigate the relative antispasmodic 
potency of optically active isomers. He found that after stimulation 
of the isolated intestinal strip with acetylcholine, levo-},b-dimethyl-y- 
diethylaminopropyl acetyltropate was ten to twenty times as effective 
as the dextro isomer, but after barium chloride stimulation the differ- 
ence between the activity of the two isomers was not nearly as marked. 
The levo isomer produced mydriasis when applied to cat cornea in 
0.5 per cent solution whereas no effect was observed with a 5 per cent 
solution of the dextro compound. Buth, Kiilz & Rosenmund (16) 
found that the racemic and optically active forms of di-(6-phenyliso- 
propyl)-amine exhibit about the same degree of spasmolytic activity ; 
the meso form is somewhat less effective, and is three times as toxic 
as the racemic modification. In the relaxation of the gut after treat- 
ment with acetyl-f-methylcholine or barium chloride, /-cinnamylephe- 
drine is only slightly more effective than d-cinnamylephedrine accord- 
ing to Schultz (13). 

Although the basic esters and amines represent the classes of 
compounds which have been studied most thoroughly, antispasmodic 
activity is not found exclusively in these groups. Fromherz (100) 
tested hypnotics of the amide and ureide type, as well as a number of 
structurally related compounds, for antispasmodic activity. These 
substances do not seem to have the high potency of esters and amines ; 
their effect appears to be a direct one on the muscle. 

A long series of substituted acetamides was examined by Junk- 
mann (99) for hypnotic and spasmolytic properties. The strongest 
antispasmodic activity was found in compounds which contained 12 
to 17 carbon atoms and which were inactive as hypnotics. Tributyl- 
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acetamide was submitted for clinical trials. Since so many antispas- 
modics produce local anesthesia to some degree, it is interesting to 
note that Junkmann employed -diethylaminoethyl p-aminobenzoate 
(procaine), an exceedingly weak antispasmodic, as a standard. Halpern 
(4) found a-methyl-5-diethylaminobutyl p-aminobenzoate to be inac- 
tive as a spasmolytic. 

Billman & Hidy (101) synthesized a-aminodiphenylacetamide and 
N,N’-substituted derivatives of the general formula (C,H;).C- 
(NHR)CON’HR in which R represents alkyl. These compounds 
were tested for antispasmodic and anticonvulsant properties. The 
most active antispasmodic was found to be a-aminodiphenylacetamide. 

Certain hypnotics of the barbituric acid type depress excised smooth 
muscles (102 to 105). Epinephrine relaxes the musculature of the 
gastrointestinal tract but no practical use can be made of this effect 
since doses large enough to produce the desired response promote 
marked cardiovascular disturbances. 

Cinnamylephedrine, CFH;CH(OH)CH(CH;) N(CH;)CH.CH =- 
CHC,H;, was described as a local anesthetic by Ehrhart (106). Its 
action on smooth muscle was studied by Schultz (13, 107). He found 
that /-cinnamylephedrine hydrochloride is slightly more active than the 
dextro isomer, and about two times as active as papaverine, in re- 
laxation of spasm produced by acetyl-f-methylcholine or barium chlo- 
ride. Anesthesia was produced when cinnamylephedrine was applied 
to rabbit cornea but there was no change in the size of the pupil. 4-(1- 
Methyl-4-phenyl)-piperidyl methyl ketone and a number of analogous 
compounds have been patented as antispasmodics and anodynes (108). 
a-(N-Methylpiperidyl)-methylpropylcarbinol, (CH;NC;H,) (CHs)- 
(C;H,;)COH, has a papaverine-like action on the muscles of the in- 
testine (109). Antispasmodics have been found in the w-aminoalkyl- 
quinoline series (110). a-Phenyl-B-hydroxy-f-(o-chlorophenyl)- 
ethylisoquinolinium bromide was stated by Krohnke (111) to be 
twenty times as active as papaverine. Certain 4-aralkyl-3-keto-3,4- 
dihydro-1,4-benzoxazines are antispasmodics or analgesics (112), and 
the spasmolytic activity of a piperidinomethylbenzodioxane has been 
studied by Hazard & Moisset de Espanés (113). Taurine has been 
shown (114) to be an antispasmodic but its activity has been stated 
(18) to be less than that of papaverine. 

As far as a relationship between structure and antispasmodic ac- 
tivity is concerned, the general statement can be made that this type 
of activity is not limited to one particular class of compounds, and that 
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within a given class of active compounds no one specific radical seems 
to be wholly responsible for the activity. 

In view of all the attempts which have been made to correlate a 
physical property or a chemical structural unit with pharmacological 
activity, the writer wonders if it is not futile to endeavor to establish 
a broad generalization between any single physical property, or any 
one structural group, and activity. It would seem that it is not one 
particular physical or chemical property but the over-all properties of 
a molecule which play the important role, and these are influenced not 
only by the group which is supposed to represent the “active” part 
of the structure, but also by the residue or carrier of this group. 

It is in the practical aspects of the field that decided progress has 
been made. Many compounds have been found which exhibit not only 
the musculotropic activity of papaverine but also the neurotropic ac- 
tivity of atropine and are free from the undesirable and unavoidable 
side-effects of the latter drug. Furthermore, because of their favorable 
therapeutic index, several active products have been discovered which 
are suitable for clinical use. 

Our present-day antispasmodics are most effective against spasms 
of the gastrointestinal tract. Further research is needed in order to 
discover still more potent compounds and products which will relieve 
smooth muscle spasms of other organs. 

In conclusion, attention should be called to a brief survey by 
Raymond (115) on recent developments in synthetic antispasmodics. 
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PHOTOPERIODISM IN PLANTS 


By Kart C. HAMNER 


United States Department of Agriculture 
Agricultural Research Administration, Ithaca, New York 


The topic of photoperiodism has received consideration during the 
last eight years by various reviewers. These have dealt with general 
reviews of the subject (1 to 5), or with such phases as sex expression 
(6), nutrition (7, 8), temperature relationships (9), and flowering 
responses and theories related thereto (10 to 14). These cover the 
literature up to 1937 rather completely and less completely up to and 
including 1940. 

Photoperiodic responses are varied and involve vegetative exten- 
sion, tuber formation, resistance to diseases, changes in winter hardi- 
ness, initiation of floral primordia and development of flowers, fruits, 
and seeds, changes in chemical composition and in the activity of 
enzymes, and many other manifestations. Many of the recent con- 
tributions on photoperiodism have dealt with physiological aspects of 
reproduction in angiosperms, and in the present review the literature 
will be discussed from that viewpoint. Primarily, papers which have 
appeared since 1936 have been selected. A fairly complete bibliog- 
raphy of the field may be found in a special section of Herbage Ab- 
stracts. Since most of the original papers in German and Russian 
which have appeared since 1940 have not been available to the re- 
viewer, abstracts of them have been used. Wherever possible the 
original has been consulted. 

Photoperiodism in plants may be defined as the responses to 
changes in the relative length of day and night (1). In this usage, 
the length of the day is the period from sunrise to sunset. Since the 
term day has other meanings and since, in experimental work, the 
period of illumination may not correspond to any of these, the terms 
photoperiod and dark period have been adopted to designate the length 
of the periods of exposure of the plants to illumination and to darkness 
respectively. Photoperiodism is, therefore, the responses to changes 
in the relative lengths of alternating photoperiods and dark periods, 
and one alternation (i.e., one photoperiod and the following dark 
period) is termed a photoperiodic cycle. 

Under natural conditions the recurrent alternation of photoperiods 
and dark periods are in cycles of twenty-four hours, and the length of 
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the photoperiod is inversely related to the length of the dark period. 
In the northern latitudes the longest photoperiods of the year (and 
the shortest dark periods) occur in June, while the shortest photo- 
periods (and the longest dark periods) are found in December. Some 
investigators have used the terms “long-day” and “short-day” to de- 
scribe these respective photoperiodic conditions. Others have pre- 
ferred the somewhat more specific terms, “long photoperiod” and 
“short photoperiod.” Such terms are relative and have little meaning 
unless specifically defined. In this discussion the term “long photo- 
period” will refer to a twenty-four hour photoperiodic cycle with a 
photoperiod of sixteen hours or more, accompanied by a dark period 
of eight hours or less. The term “short photoperiod” will refer to a 
twenty-four hour cycle with a photoperiod of ten hours or less and a 
dark period of fourteen hours or more. 

Within certain age limits and at certain temperatures, plants which 
have been growing in photoperiodic conditions which result in vege- 
tative growth may be induced to flower by a short treatment with 
photoperiodic conditions favorable for flowering even though, after 
the treatment, the plants are returned to the conditions which origi- 
nally favored vegetative growth. For example, Xanthium pennsyl- 
vanicum which has grown vegetatively for months under long photo- 
periods may be induced to initiate flowers as a result of a treatment 
with a single short photoperiod even though subsequently grown con- 
tinuously on long photoperiods. The changes which take place within 
the plant during this brief photoperiodic treatment and which result 
in flowering have been called “photoperiodic induction.” 

Photoperiodic induction may be brought about by photoperiodic 
cycles other than those twenty-four hours in length. The terms “long 
day,” “short day,” “long photoperiod,” or “short photoperiod” are 
often not appropriate to describe these cycles, and the reviewer has 
followed the practice of using the term “photoinductive cycles” to 
describe those conditions under which the plants undergo photo- 
periodic induction and “‘nonphotoinductive cycles” for those in which 
the plants tend to remain strictly vegetative. 


CLASSIFICATION 


Garner & Allard (15), who first advanced the photoperiodic con- 
cept, used the flowering response as a basis for the classification of 
all angiosperms into three groups: long-day plants, short-day plants, 
and indeterminate plants. The author (16) uses the classification of 
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Garner & Allard with qualifications. Plants are considered as “‘long- 
day” or “short-day” plants if they fit Garner & Allard’s classification 
at some age and temperature, and these particular conditions are 
assumed to prevail when the responses of such plants are discussed. 

Classification of plants into long-day, short-day, and indeterminate 
groups based upon their photoperiodic responses has been subject to 
a great deal of criticism. As Thompson has indicated (9) and as has 
been confirmed by several recent investigations (17 to 20), the tem- 
perature prevailing during the investigation may determine whether 
a plant will or will not be photoperiodically sensitive. In other words, 
over one temperature range a plant may behave as an indeterminate, 
and at another temperature it may be either a long-day or a short-day 
plant. As far as the reviewer is aware, however, there are no undis- 
puted reports of a given plant responding as a typical short-day plant 
at one temperature and as a typical long-day plant at another tem- 
perature. 

A great deal of the recent literature has been concerned with the 
responses of different varieties or strains of a given species. Most of 
these investigations conclude that as between varieties and strains 
the responses may vary greatly, and any given species may show a 
closely graded series of types, ranging from those which are espe- 
cially sensitive to those relatively insensitive. The response is often 
correlated with the geographical origin of the strain (21 to 26). In 
general, however, if a given species contains any strains which are 
especially sensitive to photoperiod and can be classed without question 
into either the long-day or short-day group, then all of the other 
strains of the same species will tend to exhibit responses which would 
place them in the same class. For example, the varieties or strains of 
some species may be arranged in a graded series, at one end of which 
the plants are typical short-day plants and at the other end of which 
the plants are day-neutral or nearly so (27, 28, 29, et al.). Similarly, 
strains or varieties of other species may be arranged in a graded series 
at the one end of which are long-day strains and at the other end of 
which are more or less day-neutral strains (21, 23, 25, 30, et al.). The 
reports that a given species may contain strains, some of which are 
short-day plants and others of which are long-day plants, are very 
few (31), and it seems possible that these reports may not represent 
what has been called “typical” responses. Even a given variety which 
has been inbred for generations may exhibit heterozygosity in so far 
as the photoperiodic response is concerned (32, 33). On the other 
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hand, selection of strains for a particular photoperiodic response is 
not difficult, and the breeding for a relative degree of sensitivity to 
photoperiodic changes has been continued successfully (34 to 38). 

The paper by Borthwick et al. (27) may be used to illustrate the 
work with different varieties. Of twelve varieties of soybeans ex- 
amined, seven initiated floral primordia in continuous light within 
fifty days after planting, and presumably all would have done so had 
the experiment been continued long enough, since these authors state 
(39) that the Biloxi variety, which seems to be the most sensitive of 
all those tested, might nevertheless initiate floral primordia if grown 
long enough in continuous light. However, the number of nodes with 
vegetative axillary buds was greater with all varieties in continuous 
light than in short photoperiod, the number increasing from the least 
photoperiodically sensitive to the more sensitive strains. Even the 
Agate variety, which upon casual inspection might be classified as an 
indeterminate plant since it initiates primordia and develops flowers 
and fruits over a wide range of day lengths, behaves as a short-day 
plant during the early stages of its development. In continuous light 
the first floral primordium is initiated in the axil of the fifth compound 
leaf, whereas in short photoperiod floral primordia and flower are 
developed in the axil of the second compound leaf. Thus, with respect 
to the initiation of floral primordia, the varieties differ primarily in 
the age which they attain before primordia are initiated on long photo- 
periods or on continuous light. Similarly, the development of flowers 
and fruits is affected, and all but one of the varieties behave as short- 
day plants since they do not produce fruit if the photoperiods are long 
enough. If the varieties are arranged according to their ability to form 
fruit in photoperiods of increasing length, almost the same series will 
be found as was obtained when the plants were arranged according 
to the age at which floral primordia were initiated in continuous light. 
Thus, in soybean, short photoperiod stimulates the initiation of flowers 
as well as the development of flowers and fruits. 

It has been indicated by numerous investigators (8, 9, 40, 41, e¢ al.) 
that the process of flowering in plants involves a series of physiological 
changes. The question naturally arises as to which of the stages are 
involved in the responses of a particular plant to photoperiodic 
changes. Eguchi (42) has claimed that plants may fit one classifica- 
tion of Garner & Allard with respect to the early stages of develop- 
ment leading to flowering, and another classification with respect to 
the subsequent stages. Thus, there are nine possible types of re- 
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sponses: short day-short day ; short day-long day ; short day—indeter- 
minate ; long day-short day; long day-long day; long day—indetermi- 
nate; etc. Loehwing (41) gives a table of these groups with examples 
of plants belonging to each. Gregory (3) states, “The problem of 
photoperiodism may, therefore, be considered not as concerning con- 
ditions leading to flower formation but as concerning failure to 
flower.” In view of these considerations, it would be helpful in much 
of the experimental work in this field if the investigators would ex- 
amine all of their plants by microdissection (43 to 47) to determine 
what stages of floral development are especially affected by the treat- 
ments used. This is especially true when an attempt is made to classify 
the photoperiodic responses of a given plant. In some cases, plants 
have been called short-day plants if blossoming occurs at an earlier 
date when the plants are grown under short photoperiods as com- 
pared to long photoperiods even though flowering takes place fairly 
rapidly under both conditions. Differences of only a few days in the 
time of flowering have been considered significant. This practice 
leads to confusion when comparisons are made between such plants 
and the responses of others which remain strictly vegetative for a 
long period under one set of conditions and produce flowers and fruits 
very rapidly when transferred to another. 

If we consider the responses of those plants which might be con- 
sidered “‘types” representative of the short-day and long-day groups 
(and these will be the subject of most of the subsequent discussion), 
the following observations may be made: The age of the plant deter- 
mines to a large extent its sensitivity to photoperiods (48 to 52). 
There is a failure to respond by floral initiation to favorable photo- 
periods until a certain amount of vegetative growth has been obtained ; 
usually one or more foliage leaves are required. In some cases, flower- 
ing occurs as the plants grow older in spite of exposure to photo- 
periodic conditions which at earlier ages favored vegetative growth. 
The term “photoperiodic induction” implies the stimulation of flower- 
ing by exposure to photoinductive cycles and takes place, therefore, 
only over certain ranges of temperature in plants within certain age 
limits. 

As a result of the interrelationship between photoperiodism and 
temperature, Whyte has proposed the term thermo-photoperiodic in- 
duction (53), and Owen e¢ al. (38) have proposed the term photo- 
thermal induction. Presumably these terms would include all that is 
understood by the teim photoperiodic induction. Since the latter term 
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has been so frequently used, it is retained, subject to the implications 
mentioned above. 


PHOTOPERIODIC INDUCTION 


Whether or not both portions of a photoinductive cycle play de- 
terminative roles in photoperiodic induction has interested numerous 
investigators. Blackman (54) suggested that the length of the dark 
period was primarily responsible for the photoperiodic response. On 
the other hand, Lysenko and many other proponents of the theory of 
“phasic development” (53) proposed that no requirements as to photo- 
period are inherent in long-day plants, and that these plants require 
a continuous day for the completion of one of their developmental 
phases leading to flowering and can tolerate the daily alternation of 
light and darkness when the dark period is relatively short. In addi- 
tion, it was claimed that short-day plants require not a short day but 
darkness to complete one of the developmental phases leading to 
flowering and only tolerate daily alternation of darkness and light 
when the latter is not in excess of a critical duration. Whyte & Oljho- 
vikov (55) claimed that both long-day plants and short-day plants 
must pass through two phases of development, namely, a dark phase 
followed by a light phase. The main distinction between the two 
groups lies in the fact that under natural conditions flowering in short- 
day plants may be limited by failure in the completion of the dark 
phase, while in long-day plants it may be limited by failure in the com- 
pletion of the light phase. The reviewer feels that if the photoperiodic 
responses are to be made a part of the theory of phasic development, 
the terms dark phase or light phase are inadequate to cover the changes 
occurring during photoperiodic induction, and perhaps a term such as 
“photoperiodic phase” should be substituted. This suggestion is based 
upon the evidence which indicates clearly that the photoperiodic stim- 
ulus to flowering in some and perhaps in all typically short-day plants 
is brought about during both the light and dark phases of a given cycle 
or successive cycles of exposure. 

The possibility that both phases of a photoinductive cycle are in- 
volved was first indicated in the work of Borthwick & Parker with 
Biloxi soybeans (56). They found that while induction takes place 
when whole plants are exposed to three short days, it does not take 
place in comparable plants which are placed in darkness for seventy- 
two hours. For induction to take place during the three short days the 
intensity of light during the photoperiod has to be above 100 foot 
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candles. Moskov (57) with Perilla ocymoides found that the minimum 
daily light period could not fall below three or four hours, and the 
minimum length of the dark period should not be reduced below eight 
hours if flowering was to occur. He found (58) with other short-day 
plants that a cyclic alternation of light and darkness was necessary 
for induction. The reviewer’s own work (59) seems to present clear- 
cut evidence that both the photoperiod and the dark period of each 
photoinductive cycle play parts in photoperiodic induction, and that 
induction may not take place if the dark period of each cycle is not of 
sufficient duration or if the light period is of insufficient duration or 
intensity. Since then, Snyder (45), Mann (46), and Cailahjan (60) 
have reached similar conclusions. A summary of some of this work 
and the evidence for it has been presented by the reviewer (16). The 
following is quoted from the latter article with respect to responses of 
Xanthium pennsylvanicum and Biloxi soybean : 


In both plants it would appear that photoperiodic stimulation takes place as 
a result of exposure to a cyclic alternation of light and darkness in which the 
light periods are of a certain intensity and duration and the dark periods longer 
than a definite minimum duration. It appears that determinative reactions take 
place during both phases of the cycles and also that there is an interaction among 
them. For convenience, the changes or conditions which arise owing to exposure 
to light may be designated as A, those owing to darkness as B, and the possible 
summation or resultant changes related to A and B may be referred to as C. 
Thus, an interaction between A and B results in C. Such a postulation neces- 
sarily implies a carry-over of the effects produced during a photoperiod into a 
subsequent dark period, or a carry-over of the effects produced during a dark 
period into the subsequent photoperiod since such must be the case in order for 
an interaction to take place. 

It is assumed that through the medium of C the observable effects such as 
differentiation of floral primordia, floral development, and the like are manifested. 
Through the varied expressions of C, therefore, investigations of both A and B 
would at present be made. Experimental evidence indicates that this is possible. 
Manipulations of conditions pertaining only to the light period, affecting the 
expression of C, have been made [examples are given]. Similarly, other expres- 
sions of C have been related to conditions during the dark period. 

The above use of the symbols A, B, and C has been resorted to as a conven- 
ient means of expressing the general photoperiodic responses of both plants. 
Each may be a whole series of reactions, a complex of substances, or a condition 
which changes and fluctuates. It is also possible that A, B, and C may represent 
entirely different things in the two plants. 


In the same article, the author pointed out that it is possible that 
all short-day plants undergo a similar series of reactions during photo- 
periodic induction, although evidence is not available with respect to 
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many of them. It seems desirable that a fourth photoperiodic class, 
“intermediate,” proposed by Allard (61), which has been separated 
as distinct from long-day plants and short-day plants because of the 
fact that they possess two critical day lengths, should be abandoned 
and that these plants should be classed with the short-day group. This 
conclusion is based upon evidence presented above that the short-day 
plants, Perilla ocymoides, Biloxi soybean, and Xanthium pennsyl- 
vanicum, also possess what might be called two critical day lengths, 
since they will not flower if the photoperiods are shorter than a certain 
minimum or if the dark periods are shorter than the critical duration. 
The major difference between these three plants and the plants de- 
scribed by Allard would seem to lie in the fact that the latter plants 
require a relatively much longer minimum photoperiod for induction 
than do the former. Until proof to the contrary is forthcoming, it 
would seem desirable to describe the photoperiodic conditions under 
which photoperiodic induction of short-day plants takes place as con- 
sisting of photoinductive cycles containing photoperiods of a certain 
minimum intensity and duration and dark periods of a certain mini- 
mum duration. It is recognized, also, that flowering may not take place 
in certain short-day plants if the photoperiods are longer than a certain 
maximum (59, 62), while in other short-day plants such is not the 
case (43, 57). 

There seems to be no evidence that long-day plants, in order to 
be stimulated to flower, require an exposure to darkness. At least, 
flowering will result when they are exposed throughout their period 
of growth to continuous illumination (59, 63). Since typical long-day 
plants do not flower when exposed to short days, the question arises 
as to whether or not the failure to flower is the result of an exposure 
to dark periods which are too long or to photoperiods which are too 
short. All of the evidence seems to point to the fact that failure to 
flower under natural short days results from the fact that the dark 
periods are too long, rather than that the photoperiods are too short. 
For example, flowering will result if short photoperiods are accom- 
panied by short dark periods (1, 62). Exposure to dark periods 
longer than a certain critical period tends to result in vegetative growth 
while exposure to dark periods shorter than the critical period results 
in flowering. However, it also seems that flowering will result if the 
plants are exposed to photoperiods longer than a certain critical length 
even though the dark periods are also long. This is illustrated in the 
work of Allard & Garner (62) with Rudbeckia bicolor, a long-day 
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plant. The plants were grown on cycles varying from ten hours for 
some to thirty-six for others. Regardless of length, each cycle con- 
sisted of a photoperiod of the same duration as the accompanying dark 
period. The plants tended to remain vegetative on the twenty-four 
hour cycle, but flowering did take place on both longer and shorter 
cycles. 

Lang & Melchers (64) found that flower formation in the so- 
called long-day plant Hyoscyamus niger could be induced by defolia- 
tion whether or not the plants were in long or short day. They postu- 
late that the plants remain vegetative in short day because of inhibitory 
processes localized in the leaves and taking place or becoming opera- 
tive only in darkness. This inhibitory action is removed by exposure 
to low temperatures (65). On the assumption that during long dark 
periods the decrease in sugars in the leaves might be responsible, they 
supplied various sugars through infiltration of the leaves to Hyoscya- 
mus grown under short-day conditions (66). In nearly every case the 
infiltration with sugar solutions led to flower formation. Lang (47) 
found that removal of all of the leaves did not result in flowering if one 
of the leaves was regrafted to the plant near the growing tip and if 
this leaf was maintained on short day, thus indicating that injury was 
not the cause of flowering in defoliated plants. For the plant to remain 
vegetative under such conditions, however, it was necessary that a 
close union between the leaf and the plant be established. Lang sug- 
gests the possibility that the leaves do not supply to the growing point 
substances which hinder flower formation, but that from the growing 
point substances are removed by the leaves which are directly or at 
preliminary stages, necessary for flower formation. 

It is obvious that no general conclusion with respect to the photo- 
periodic conditions necessary for flowering in long-day plants may be 
made at this time. It seems possible that other long-day plants might 
respond in a manner similar to the responses of Rudbeckia bicolor, 
mentioned above, when cycles longer than those of twenty-four hours’ 
duration are used. It would be of particular interest to study the 
responses of long-day plants on cycles in which length of the dark 
period remains constant while the length of the photoperiod varies and, 
vice versa, the responses when the length of the photoperiod remains 
constant and the length of the dark period varies. It would be of 
interest to determine whether or not other long-day plants will respond 
in a manner similar to the responses of Hyoscyamus niger. 

Comparison of the responses of typical short-day and long-day 
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plants shows certain similarities and certain contrasts. It seems prob- 
able that under natural seasonal conditions flowering in both groups is 
determined by the length of the “night.” In short-day plants flowering 
seems to be stimulated by long dark period while in long-day plants 
flowering tends to be inhibited by long dark period. In both groups the 
effective length of the dark period may be shortened by illumination 
with light of very low intensity (1, 2, et al.). The quality of light effec- 
tive in shortening the dark period seems to be the same for both groups 
(67). Intermittent illumination with light of a low intensity will nullify 
the effect of a long dark period in both groups (59, 68, 69, 70). 
Whether or not the reactions which occur in short-day plants when 
they are exposed to darkness and which ultimately lead to stimulation 
of flowering are the same reactions which occur in long-day plants 
during exposure to darkness and which inhibit flowering, is not known. 
Experimentation to elucidate this point would be extremely valuable. 


EVIDENCE FOR A FLOWERING HORMONE 


It has been chiefly through the phenomenon of photoperiodism 
that evidence has been accumulated that at least in certain plants 
flowering may be stimulated by the action of hormones. This evi- 
dence is based upon the fact that the green leaves are the organs which 
receive the photoperiodic stimulus and that as a result of exposing 
leaves to photoinductive cycles, a stimulus to flowering is transmitted 
to the buds. Moskov and Cailahjan have been primarily responsible 
for the development of this concept, and many other workers have 
arrived at similar conclusions. The early work in this field has been 
carefully reviewed by Cholodny (11). Work indicating that the leaves 
are the locus for the reception of the photoperiodic stimulus has con- 
tinued. 

Evidence (13, 71 to 75) is abundant that the leaves of the plant 
which are most sensitive to photoperiodic stimulation are neither the 
very oldest nor the young expanding ones, but are rather those of 
intermediate age. In short-day plants, exposure of one or more of 
these leaves to short-day conditions may or may not result in floral 
initiation depending upon the treatment of the rest of the plant. Ham- 
ner & Bonner (43) demonstrated with the short-day plant, Xanthium, 
that fully expanded leaves exposed to long photoperiod exercised an 
inhibitory effect on the transmission of the stimulus through the stem 
to which such leaves were attached. They pointed out that this in- 
hibitory effect was localized. Others (39, 76, 77, 78) have also em- 
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phasized the inhibitory nature in short-day plants of old leaves exposed 
to long photoperiods. If the old leaves are placed in complete darkness 
instead of long photoperiods much of this inhibition disappears (79). 
Similarly, if the buds in the vicinity of treated leaves are removed the 
stimulus is received by more distant buds with greater force (43). 

The rate of transfer of the stimulus from the leaves to the terminal 
growing point seems to be relatively slow (43, 80). Evidence is accu- 
mulating that living cells are involved in its transmission (80 to 83). 
Local applications of low temperature to the petioles of leaves or to 
the stem axes between the leaves which serve as a source of the stimu- 
lus and the meristem which is expected to respond greatly delays the 
transmission of the stimulus (80, 84). Applications of narcotics have 
similar effects (80). There seems little question but that the stimulus 
may be transferred from one plant to another through a graft union, 
and the graft partners need not necessarily be of the same species or 
photoperiodic classification (11, 16). Hamner & Bonner (43) re- 
ported that the stimulus may be transferred from one plant to another 
across a “diffusion contact” in which the injured surfaces of the two 
plants were separated by lens paper, and in which presumably there 
was no tissue contact between the two plants. This possibility has been 
questioned by Withrow (83) who claims that in such cases trans- 
mission of the stimulus occurs only when growth of cells through the 
lens paper from one plant to another occurs, although admittedly the 
union between the two plants is very slight. 

Proof of the existence of a hormone has not yet been forthcoming, 
since no one has successfully extracted a substance from photoperiodi- 
cally-induced leaves, identified and synthesized it, and reapplied it to 
vegetative plants, thereby inducing floral formation. In fact, so far 
as is known no one has obtained an active extract from flowering 
plants which will result in floral initiation in vegetative plants. 


MISCELLANEOUS TOPICS AND THEORIES 


Cholodny (11) has advanced the theory that a separate hormone 
for flowering may not exist but rather that the plant growth hormones, 
the auxins, may be involved in the transfer of the flowering stimulus 
from one part of the plant to another. Some investigators seem in- 
clined to agree (85), and others have disagreed (7, 86). Loehwing 
(87) emphasizes the increased transpiration and marked changes in 
water relations which occur during photoperiodic induction. He pos- 
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tulates that, as a result of these changes in the internal water balance, 
changes occur in solute constituents of the sap, particularly in mineral 
elements, and these result in redistribution of nutrient elements 
throughout the plant. He feels such changes are related to the initia- 
tion of flowering. The fact that photoperiodic induction of leaves is 
dependent upon photosynthesis is indicated by the work of Parker & 
3orthwick (88), who found that flowering did not occur unless the 
plants were supplied with carbon dioxide during exposure to photo- 
inductive cycles. Harder & Witsch (89) found that induction of 
an individual leaf was dependent upon carbon dioxide supply even 
though favorable conditions for photosynthesis prevailed for the rest of 
the plant. Changes in the photosynthetic activity (90, 91) and in 
glutathione content (92) of leaves during induction have been re- 
ported. Variations in chlorophyll content during photoperiodic re- 
sponses have been followed (93), but plants with very low chloro- 
phyll content as a result of reduced iron supply nevertheless give a 
characteristic photoperiodic response (60). Struckmeyer (94) found 
that during photoperiodic induction the cambial activity of the stems 
decreased greatly, but Pasrev et al. (95, 96, 97) found an increased 
cambial activity during induction. Little correlation between enzyme 
activity and photoperiodic induction has been found (98, 99, 100). 
Studies of vitamin content in relation to photoperiodism have been 
few (101, 102, 103). 

Whyte & Oljhovikov (55) postulate that both long- and short-day 
plants undergo a succession of ecologico-physiological changes and that 
irrespective of the photoperiodic group, flower-inducing substances 
(florigen) are manufactured under the influence of light in the leaves 
of all plants during the so-called photophase. This interpretation is 
difficult to reconcile with the results obtained with Xanthium (40) in 
which flowering was induced by placing the plant in continuous dark- 
ness. Apparently, in this latter case, exposure to light after a long 
dark period was not essential for floral initiation. 

Grainger (104) proposed the hypothesis that the initiation of 
flowering was influenced by the rate of translocation of food materials 
from the leaves to the rest of the plant. In the long-day plants exam- 
ined, translocation of food materials began soon after the plants were 
placed in darkness, whereas in short-day plants translocation of carbo- 
hydrates did not begin until after the plants had been exposed to a 
relatively long period of darkness. He postulates that short-day plants 
in order to flower need a relatively long dark period to afford oppor- 
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tunity for the translocation of food materials from the leaves. There 
seems little supporting evidence for this theory. 

Several investigators (105 to 112) have found that a number of 
plants which respond to vernalization also respond as long-day plants 
after the vernalization period, although photoperiodic treatment before 
vernalization is noneffective. In all these cases, the vernalization con- 
sisted of treatment at low temperatures for appreciable periods of 
time. As far as the reviewer is aware, there are no cases on record 
where plants which require a treatment with low temperature behave 


as typical short-day plants subsequent to the low-temperature treat- 
ment. 
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CHLOROPLAST PIGMENTS 
By Harotp H. STRAIN 


Division of Plant Biology, Carnegie Institution of Washington, 
Stanford University, California 

With the rise and expansion of organic chemistry in the past 
century, man has produced, from coal and petroleum, many of the 
carbonaceous materials demanded by industry (1). He has been at- 
tracted from agricultural to industrial pursuits, from a rural to an 
urban mode of living, but, though it is often forgotten, he has not yet 
divorced himself from dependence upon the living plant for myriad 
carbon compounds. 

From the simplest substances, carbon dioxide, water, and sunlight, 
autotrophic plants produce enormous quantities of organic matter. For 
equal areas on the earth’s surface, the productivity of marine and of 
lacustrine plants often compares favorably with that of land plants (2 
to 11). Synthesis of all this diverse vegetable material hinges upon pho- 
tochemical reactions that take place within the green parts of plants. 

Of the thousands of scientific workers throughout the world, not 
more than a few score are engaged in studies of the special reactions 
by which plants capture sunlight and synthesize the complex carbon 
compounds required as foods by all other organisms. It is not surpris- 
ing that, today, so little is known regarding the specific steps involved 
in this complex, vital process. “Freedom from want,” as measured by 
an adequate food supply (12), is an ideal (13) based upon syntheses that 
remain unknown to scientists and politicians alike. In the future, ad- 
vantages will accrue to the peoples most adept at the production, modi- 
fication, and utilization of carbonaceous vegetable matter. 


FUNCTION OF CHLOROPLAST PIGMENTS 


Pigments absorb the light utilized by plants for the synthesis of 
organic matter. In the spectral regions where the pigments do not 
absorb light, there is no utilization of the incident radiation. When 
thin layers of green plant tissue are exposed to bright monochromatic 
light, the amount of energy fixed at a given wave length is proportional 
to the absorption capacity of the pigments (14, 15). 

Plants that lack their normal complement of pigments can not 
utilize radiant energy. Yet these same pigment-deficient organisms 
grow and bear fruit when fed organic material (16, 17). Apparently 
the pigments serve primarily for the absorption and transfer of the 
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radiant energy utilized by the plant. They are not essential for the 
multifarious transformations of the organic compounds produced by 
the photochemical syntheses. 

Each investigator, following his own skills and often ignoring 
those of others, has sought to answer numerous questions regarding 
the nature and mode of action of the various pigments contained 
within the photosynthetic apparatus. Plants have been dissected and 
examined microscopically. Environmental conditions affecting the 
synthesis and degradation of the pigments have been studied in detail. 
The pigments have been extracted from various species of plants and 
separated from one another by ingenious physical and chemical pro- 
cedures. Physical and chemical properties of the purified pigments 
have been determined with great care and have then been compared 
with the properties of the pigments as they exist in the living plant. 
Special attention has been given to the spectral properties of the 
purified pigments in relation to their photosynthetic activity in mono- 
chromatic light. These new results have aided precise description of 
the photosynthetic apparatus. They have indicated the roles played 
by specific pigments. They are forming a foundation for interpretation 
of the mechanism of the photochemical process, and, in conjunction 
with genetic, ecologic, and edaphic studies, they are aiding improve- 


ment of the yield and the quality of numerous agricultural products 


(18). 


PROPERTIES OF CHLOROPLASTS 


Photosynthetically active pigments occur within the cells in spe- 
cial bodies, the chloroplasts, in which the products of photosynthesis 
first accumulate (19). In one class of plants, the blue-green algae 
(Cyanophyta), distinct pigmented structures are not readily visible, 
the pigments appearing to be rather uniformly distributed about the 
periphery of the protoplast (14, 20). Under the electron microscope, 
chloroplast material itself appears to be heterogeneous (21). Chloro- 
plasts removed from the plant cells are able to carry on photosynthesis, 
but this capacity is rapidly lost (22, 23). Addition of ferric salts to 
the medium containing the isolated chloroplasts accelerates liberation 
of oxygen without simultaneous assimilation of carbon dioxide (24, 
25, 26). The presence of weakly reducing substances such as fructose 
also facilitates photosynthesis in isolated chloroplasts (27). 

In chloroplasts separated from the cells of higher plants, the pig- 
ments are intimately associated with fats and proteins, but the compo- 
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sition of the chloroplasts is by no means constant (28 to 40). For 
whole, deep green Chlorella cells, the pigment content and the ratio 
of pigment to nitrogen may exceed values for the isolated chloroplasts 
of higher plants. 

In many hybrids, mutants, bud sports, etc., the plastids may be 
colorless or yellow. In seedlings germinated in the dark, the plastids 
are usually yellow, becoming green only upon exposure to light. The 
repeated claim that leaves of yellow etiolated bean seedlings do not 
contain carotenoid pigments (41) may be attributed to the fact that 
the small quantity of these pigments undergoes rapid oxidation to 
colorless products when the plant cells are killed under conditions 
undestructive to enzymes (42, 43). 

As many fruits and flowers mature, the green pigments present in 
the plastids during the early stages of development gradually dis- 
appear, being superseded by yellow, carotenoid pigments, some of 
which may not have been present ‘in the green tissue. Formation of 
these yellow pigments with the simultaneous loss of chlorophyll is 
commonly an irreversible process (44). Xanthophylls in these yellow 
tissues frequently occur in the form of esters, whereas the xanthophylls 
of the green tissues are unesterified (42). So far as is known, plant 
material containing only yellow plastids lacks photosynthetic activity, 
but does show phototropic responses (16), an indication that some 
pigments may cause secondary photochemical effects (45, 46). 

Yellow plastid pigments are of considerable technological impor- 
tance. Some of them are valuable sources of vitamin A (47). Many 
of them impart the characteristic red and yellow colors to numerous 
fruits and vegetables, and to some animal products ; hence, they affect 
the appearance and salability of all these materials. The quantity of 
yellow pigment is also used as a measure of the quality of many fresh 
and preserved foods (48). A few of these yellow pigments serve as 
activators (hormones) for sexual responses of certain unicellular al- 
gae (49). Others play a role in vision (50). 





PIGMENTS OF THE CHLOROPLASTS 


Analytical investigations, based primarily upon Tswett’s chromato- 
graphic or columnar adsorption technique (28, 51, 52, 53) and upon 
spectral absorption methods (54, 55), have revealed numerous chloro- 
phylls, carotenes, and xanthophylls in various plant species. Some of 
these pigments with information concerning their occurrence in plants 
are recorded in Table I (56 to 59). These results, which are based 
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upon examination of relatively few species, may be subject to minor 
revisions and additions when the investigations are extended. 


TABLE I 


THE OcCURRENCE OF CHLOROPLAST PIGMENTS IN VARIOUS GROUPS OF PLANTS* 





Pigment 
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Diatoms 
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Chlorophylls 





Chlorophyll a 
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xanthin) 
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+ Indicates its presence in some of the plants examined. 


— Indicates its absence. 


++ Indicates the presence of the pigment in most or in all of the plants examined. 


? Indicates small quantities that may have come from contamination of the source by 


other organisms. 


A blank space indicates that a thorough search was not made for the pigment. 
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With the exception of the highly specialized green and purple 
sulfur bacteria which contain bacteriochlorophyll and unique carote- 
noid pigments (60), autotrophic plants, ranging from the algae to the 
compositae, contain chlorophyll a, B-carotene, and several xantho- 
phylls. In some plants these pigments are often accompanied by 
smaller quantities of other chlorophylls and occasionally by other 
carotenes. In a few plants, they are associated with water-soluble, pro- 
teinaceous pigments. 

Of the several groups of chloroplast pigments, the xanthophylls 
are subject to the greatest variation. Different xanthophylls prepon- 
derate in plants belonging to different classes. Many plants do not 
contain a single xanthophyll in common. 

Chlorophyll 6 occurs in green algae and in higher plants. Its re- 
ported occurrence in the marine diatom, Nitzschia closterium (61), 
has not been confirmed (57, 59). This chlorophyll is found in largest 
amounts in plants that form starch as a product of photosynthesis. 
This fact has led to the presumption that chlorophyll b plays a specific 
role in the formation of the polysaccharide (45, 46). It is of interest 
in connection with fluorescence phenomena that the wave length of 
the fluorescent light from chlorophyll b is less than that from chloro- 
phyll a whereas the wave length of the fluorescent light from chloro- 
phyll d, the additional chlorophyll of red algae, is greater than that 
from chlorophyll a. 

Chlorophyll c, also called chlorofucine and chlorophyll y, and fre- 
quently reported as a post-mortem product, is now found to be a nor- 
mal constituent of algae belonging to three important groups, diatoms, 
dinoflagellates, and brown algae (57, 59). This chlorophyll c, first 
reported in brown algae in 1874, bears no relation to the reputed 
chlorophyll ¢ of higher plants, claims to the discovery of which have 
been retracted (62). Owing to the abundance and wide distribution 
of diatoms, dinoflagellates, and brown algae in the sea, and because 
of the restricted occurrence of chlorophyll b in algae, chlorophyll c 
must rank with chlorophyll b in respect to abundance, to geographical 
distribution, and to possible importance in the photosynthetic appara- 
tus of plants. 

Reports that lutein, the principal xanthophyll of higher plants and 
green algae, and zeaxanthin occur in diatoms and in brown algae (7, 
61, 63 to 68) were not confirmed by the results summarized in Table I. 
Diatoxanthin of diatoms, which is adsorbed next above the chloro- 
phyll a on columns of sugar (28), is chromatographically very similar 
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to zeaxanthin. With absorption maxima at 453 and 481 my in ethanol 
and with a characteristic spectral absorption curve almost identical 
with that of zeaxanthin, diatoxanthin might readily have been mis- 
taken for zeaxanthin. Diadinoxanthin, adsorbed as a yellow band 
between diatoxanthin and the striking orange band of fucoxanthin 
(28), is considerably more adsorbed than the spectroscopically similar 
lutein with which it could have been confused. 

The common, stable fucoxanthin or fucoxanthin a of diatoms and 
brown algae occurs in two labile, interconvertible forms (67, 69). 
Instead of calling these labile isomers fucoxanthins b and ¢ (28), 
it is now proposed to call them neofucoxanthins A and B in accordance 
with the nomenclature employed with other interconvertible carote- 
noids (70). Because diatoms and brown algae are the principal photo- 
synthetic plants over a large fraction of the earth’s surface, fuco- 
xanthin must comprise a considerable proportion of the xanthophylls 
in the world’s vegetation. 

Peridinin, a xanthophyll found in quantity long ago in the abun- 
dant and widely distributed marine dinoflagellates (71, 72), has also 
been observed in fresh water dinoflagellates (7, 56) and in an alga 
that grows symbiotically in a sea anemone (56). It appears to be the 
same pigment subsequently named sulcatoxanthin (73). If the sym- 
biotic algae are cryptomonads, as has been suggested, then the free- 
living cryptomonads might be expected to contain this xanthophyll. 

Dinoxanthin, which is adsorbed below the red-orange peridinin 
and just above the diadinoxanthin in extracts of dinoflagellates, is 
spectroscopically similar to violaxanthin and taraxanthin. Like tara- 
xanthin and unlike violaxanthin, it is not colored blue by concentrated 
hydrochloric acid in ether. It is chromatographically distinct from 
each of these pigments. 

The phylloxanthin of leaves and of brown algae (67), the viola- 
xanthin b of leaves (42) and the violaxanthin of pansies are chromato- 
graphically and spectroscopically identical pigments. In spite of the 
fact that phylloxanthin was the name first used for this pigment, the 
wide acceptance of the name violaxanthin, particularly in the exten- 
sive chemical literature, makes its continued use desirable. 

In addition to the pigments reported in Table I, a number of 
other xanthophylls have been observed in the chloroplasts of various 
plants (63 to 67). Taraxanthin has been reported in green algae (74) 
and both taraxanthin (67) and fucoxanthin in a few species of red 
algae (75). A xanthophyll variously known as myxorhodin, phyco- 
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xanthin, myxoxanthophyll, and aphanizophyll, has been found in the 
blue-green algae along with calorhodin-a or aphanin and with calo- 
rhodin-B or aphanicin. Lutein and the carotene-like pigment flavacin 
were also observed in these algae (67). Eloxanthin occurs in the 
pond-weed Elodea canadensis (76). The yellow-green alga Tribonema 
bombycinum contains a number of xanthophylls most of which ap- 
pear to be different from those observed in other plants (56). With 
respect to its chloroplast pigments, Tribonema is not closely related 
to diatoms, although it has been classed with them (77). Some of the 
carotenoids isolated from heated plant material may be alteration 
products of the native pigments (77a). 

A red, proteinaceous, water-soluble pigment, phycoerythrin, occurs 
with the green and yellow pigments in the chloroplasts of most red 
algae. A similar blue pigment, phycocyanin, has been found in some 
red algae and in most blue-green algae. Some blue-green algae also 
contain phycoerythrin along with the phycocyanin; some contain 
neither of these proteinaceous pigments. There are indications that 
several similar phycocyanins and phycoerythrins may occur in the 
various red and blue-green algae (78). 

Chloroplasts of all types of photosynthetic organisms do not con- 
tain a single pigment in common. Because plants belonging to the 
same class usually contain the same chloroplast pigments, taxonomic 
and phylogenetic relationships may be predicted from the nature of 
these pigments (56, 63, 64, 65). 


PIGMENT FORMATION IN THE CHLOROPLASTS 


Many conditions influence the development of green and yellow 
pigments in the chloroplasts (79 to 90). In seedlings of most plants 
light, oxygen, and moderate temperature are necessary for the forma- 
tion of the normal amount of green and yellow pigments. As a rule, 
other conditions being comparable, more pigments are formed in light 
of low intensity than in light of high intensity (56, 83, 86). 

Relative proportions between the various yellow pigments of algae 
vary with changes in the conditions of culture. Grown in light from 
neon fluorescent lamps, the diatom Nitzschia closterium contained 
more diadinoxanthin relative to fucoxanthin than the same organism 
grown in light from “snow white” fluorescent lamps. The green alga 
Chlorella pyrenoidosa grown in continuous light of low intensity con- 
tained more a-carotene than 6-carotene, whereas similar material 
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grown in continuous light of high intensity yielded more f-carotene 
than a-carotene (56). 

Under natural conditions, there is little indication of diurnal vari- 
ation in the chlorophyll content of higher plants (84, 85). Plants 
growing at different altitudes also show little variation in pigment 
content. With deficiencies in mineral nutrients, the green parts of 
many plants become pale yellow (91, 92). Pyrrole compounds do 
not alleviate chlorosis due to deficiency of iron salts (93). 

Temperature during the period of illumination relative to that 
during the period of darkness has a pronounced effect upon the devel- 
opment of pigments in land plants. Species native to temperate 
climates develop little green pigment if the temperature of the light 
period is low, 13°, and that of the dark period is high, 24°. Plants 
native to subtropical regions show less response to variations in the 
temperature of the light and dark periods (94). All these facts show 
how delicately plant species and their complex photosynthetic appa- 
ratus are adjusted to various environmental conditions (6, 95). 

Genetic changes in plants may retard or prevent development of 
the chloroplast pigments, many yellow, chlorophyll-deficient mutants 
being found under natural conditions. This capacity for variation of 
the chloroplast pigments when considered with the fact that no viable 
mutant nor any species has yet been found in which chlorophyll is not 
accompanied by yellow pigments suggests that the combination of 
green and yellow pigments is in some way essential to the development 
of the plant. It may be that both the green and yellow pigments play 
separate vital roles, that they play joint vital roles, or that their for- 
mation is coupled with the formation of other materials, such as 
enzymes (96), that play vital roles. 


PROPERTIES OF CHLOROPLAST PIGMENTS 


Although belonging to dissimilar chemical types, chloroplast pig- 
ments possess many properties in common. All are fluorescent. All 
owe their color to systems of conjugated double bonds. Most are 
readily oxidizable, especially upon irradiation. Both chlorophylls and 
carotenoids yield interconvertible isomers, but usually only the most 
stable of these are found in the green parts of plants. 

Molecular structure and isomerization.—Extensive chemical inves- 
tigations of the chlorophylls that led to establishment of their molecu- 
lar structure have been carefully reviewed by the workers most active 
in this field (97 to 101). Thus far these molecular structures have 





bet 


phy 
str 
the 
diff 


the 
tion 
care 
men 
and 


eluc 
the | 
tran. 
to bi 
com 


“ne 


iri- 
nts 
ent 
; of 

do 


that 
vel- 
rate 
light 
lants 
1 the 
show 
uppa- 


nt of 
itants 
on of 
viable 
is not 
on of 
pment 
s play 
ir for- 
ich as 


st pig- 
nt. All 
ost are 
lls and 
1e most 


il inves- 
molecu- 
st active 
res have 





CHLOROPLAST PIGMENTS 599 


prompted numerous divergent speculations regarding the possible role 
of the green pigments in the photosynthetic process (97 to 104). 

When solutions of chlorophylls a and b are heated, about 20 per 
cent of each pigment is converted reversibly into a spectrally similar, 
less adsorbed isomer called chlorophyll a’ and chlorophyll b’, respec- 
tively. Pheophytins derived from the labile isomers differ but slightly 
from pheophytins prepared from the more stable, common chloro- 
phylls. The structural difference between each of the common chloro- 
phylls and its less stable isomer probably does not, therefore, involve 
the magnesium atom (105). The slowness of the interchange of radio- 
active hydrogen and magnesium ions with magnesium in the chloro- 
phyll molecule (106, 107, 108) indicates that isomerization of the 
chlorophylls does not involve liberation and recombination of the 
magnesium. 

Chlorophyll d, also a magnesic pigment, yields one spectrally simi- 
lar isomer, chlorophyll d’, and two other isomers, isochlorophyll d 
and isochlorophyll d’, that resemble chlorophyll a and chlorophyll a’. 
Each of these four isomers in the chlorophyll d series yields a distinct 
pheophytin but only the isopheophytins d and d’ can be reconverted 
to the corresponding chlorophylls, isochlorophylls d and d’, by the 
action of methyl magnesium iodide. Remarkably close resemblance 
between the spectral absorption curves of chlorophyll a and of iso- 
chlorophyll d and between the curves of pheophytin a and isopheo- 
phytin d suggests that all these pigments contain similar chromophoric 
structures. When treated with alkali and acid, the four pigments of 
the chlorophyll d series yield a single product that is spectrally quite 
different from the analogous product yielded by the chlorophyll a com- 
pounds (109). 

Rapid isomerization of the chlorophylls in solution suggests that 
the allomerization process may involve isomerization as well as oxida- 
tion reactions. If pure preparations of chlorophylls are desired, great 
care must be exercised in the extraction and purification of these pig- 
ments in order to prevent alteration by enzymatic hydrolysis (106) 
and by isomerization. 

In the past five years considerable progress has been made in the 
elucidation of the spatial configurations about the double bonds in 
the carotenoid pigments. When solutions of the common stable or 
trans pigments are heated or treated with iodine in light or exposed 
to bright light, a number of interconvertible isomers, the so-called neo 
compounds, are produced (42, 70, 111 to 115). On adsorption col- 
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umns, some of these neo isomers are adsorbed above the original trans 
pigments, others are adsorbed below the trans isomers (42, 70, 115). 
These neo isomers contain cis configurations about some of the double 
bonds. When certain double bonds, indicated by a in the following 
partial carotenoid formula, occur with cis configuration, there may be 
slight steric interference between the methyl group and the hydrogen 
atom. Consequently, it is proposed that double bonds with this cis 
structure can not be present in carotenoid molecules (116, 117, 118). 


H H « H H 
i Oe ae. * 
=c c=<=¢ c= 
/ / 


On the basis of this prediction, the number of isomers formed by 
the action of isomerization catalysts must be much smaller (twenty 
for B-carotene) than would be expected if each of the double bonds 
was equally stable in the cis configuration (1,056 for B-carotene). 
As a rule, the number of neo isomers obtained by isomerization of 
the trans carotenoids is less than would be expected if each of the 
double bonds adjoining carbon atoms with attached methyl groups 
(bonds b in the formula) were equally stable in the cis configuration. 
From the ultraviolet absorption spectrum of the isomers and from a 
consideration of the probable stability of the bonds capable of existence 
with cis configuration, particularly the central, symmetrical double 
bond, spatial formulas have been assigned to many of the neo com- 
pounds (117). 

Certain labile carotenoid pigments, such as prolycopene (116 to 
123) which occurs in large quantities in fruits of the lily Arum orien- 
tale (56), are rapidly and completely convertible into the trans and 
neo compounds by the action of isomerization catalysts. On the basis 
of the prediction that certain double bonds can not exist with cis con- 
figuration, and since the absorption maxima of these labile pigments 
occur at wave lengths shorter than those of the trans pigments, it has 
been assumed that most of the double bonds adjoining carbon atoms 
with methyl groups occur with cis configuration (117). This assump- 
tion is based on the tenuous prediction that the thermodynamically 
least stable cis double bonds must possess so small an energy of ac- 
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tivation for transition to the trans form that the cis form is unstable 
at room temperature. 

Molecular models of the carotenoids indicate that these pigments 
with all double bonds in cis configuration might be capable of exist- 
ence in the protoplasm of specialized organs of plants. Those double 
bonds with very small energy of activation for spatial rearrangement 
would be isomerized during extraction of the pigments from the 
living organism. Molecular models also indicate that carotenoid mole- 
cules containing many cis double bonds would be shorter than those 
containing most double bonds in trans configuration; hence, x-ray 
analysis of crystals of the natural labile isomers might give definitive 
evidence regarding their spatial structure. 

Pigments with different numbers of oxygen atoms but with the 
same polyene systems (f-carotene, cryptoxanthin, and zeaxanthin) 
yield different numbers of neo isomers ; therefore, the hydroxyl groups 
must have an effect on the relative stabilities of the spatial isomers. 
Whether or not the isomerization phenomena play a role in the photo- 
chemical reactions involving storage of energy in green plants has 
not yet been demonstrated. 

Adsorbability.—Of all the methods available for the separation 
and identification of chemical compounds, no technique has found such 
extensive use and has proved so efficient and reliable for investigation 
of the chloroplast pigments as chromatographic adsorption analysis. 
Indeed, much recent knowledge of the chlorophylls and carotenoids 
has been gained through application of this method. Use of the Tswett 
adsorption columns has made possible isolation of the pigments from 
extracts of plants, comparison of the pigments from various sources, 
comparison of the numerous artificial isomers with the native pig- 
ments, and quantitative estimation of the pigments (124 to 130). 
Nomenclature of the pigment isomers (70) and conclusions regarding 
their molecular structures (28) have been based upon their relative 
adsorbabilities. Experience gained in studies of the adsorbabilities 
of the leaf pigments has, in turn, aided improvement and applicability 
of chromatographic adsorption analysis. 

In order to use the sequence of adsorbed pigments as a basis for 
nomenclature, for identification of pigments, and for estimation of 
molecular structure, particular attention must be given to the condi- 
tions under which the compounds are adsorbed. Relative positions of 
the adsorbed pigments may vary with changes of the solvent, of the 
adsorbent, or of both solvent and adsorbent (28, 51, 131). With mag- 
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nesia as adsorbent and with 1,2-dichloroethane as solvent, lutein is 
adsorbed below violaxanthin; but with a mixture of petroleum ether 
and acetone as solvent, violaxanthin is adsorbed below lutein. Sol- 
vents that reduce the adsorbability of chloroplast pigments usually de- 
crease the sharpness of the spectral absorption bands. 

Relative to the pheophytins, the chlorophylls are very strongly ad- 
sorbed ; hence, the presence of the magnesium atom accounts for the 
greater adsorbability (and probably the greater polarity) of the green 
pigments just as hydroxyl groups account for the greater polarity of 
the xanthophylls relative to that of the similar, hydroxyl-free caro- 
tenes. Carotenoid pigments containing carbonyl groups usually ex- 
hibit considerable spectral change upon adsorption either at a solid- 
liquid interface or at a liquid-liquid interface (132, 133). This effect 
is particularly striking with fucoxanthin and peridinin. These ad- 
sorption phenomena may very well determine the condition and ac- 
tivity of the pigments within the chloroplasts. They may account for 
the marked increase in greenness observed when plants containing 
ketocarotenoids are killed with heat. 

Photochemical and induced enzymatic oxidation——Every farmer 
has observed the photochemical decolorization of the chloroplast pig- 
ments. If freshly cut grass or clover or alfalfa is cured in the shade 
or in large stacks, a deep green hay results; but if some of the same 
fresh material is cured in the sun, a pale, pigment-free hay is obtained. 
This bleaching effect of sunlight has been observed in many plants 
(134). 

Preferential oxidation of the carotenoids upon exposure to sun- 
light of solutions containing these pigments and chlorophylls, ob- 
served by Noack nearly twenty years ago, necessitates the protection 
of plant extracts from strong light in the course of carotene analyses 
(43, 135). This preferential oxidation of carotene, which suggests 
that the chloroplast pigments may also exhibit different reactivities 
in the plant, is probably related to the action of the pigments upon 
other induced oxidations (136, 137). In the living plant, photoxi- 
dation processes occur even under natural conditions (138, 139). 

Injury of plant tissues under conditions that are undestructive to 
enzymes usually results in a rapid oxidation of the chloroplast pig- 
ments. In the seeds of legumes this oxidative decolorization of the 
chloroplast pigments results from concomitant oxidation of unsatu- 
rated fats by a highly specific enzyme, a so-called unsaturated fat 
oxidase or lipid oxidase once called erroneously carotene oxidase (140, 
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141, 142). In leaves, especially in yellow seedlings grown in the dark, 
rapid oxidation of the carotenoids also occurs upon injury to the 
cells (42), but, according to unpublished investigations, this oxidation 
is not coupled with that of fats as it has been impossible to detect a 
fat oxidation catalyst. All these induced oxidations are inhibited by 
antioxidants (42, 43, 140 to 143). 

Optical properties ——Both practical and theoretical problems hinge 
upon the optical properties of the chloroplast pigments. Absorption 
spectra serve as analytical standards, as criteria for purity of the 
pigment preparations, and as a basis for interpretation of the physical 
state of the pigments in the chloroplast. Knowledge of the spectral 
absorption characteristics of the pigments in solution makes possible 
estimation of the amount of light absorbed by each pigment in the 
plant. 

Absorption spectra of the carotenoids (42, 114, 118, 144), of the 
chlorophylls (54, 55, 145 to 148), and of phycocyanin (14) determined 
in different laboratories are in very good agreement. Attempts to 
relate the wave lengths of the spectral absorption maxima of the chlo- 
rophylls to the refractive index of the solvent (Kundt’s rule) have not 
been very successful except for solvents of similar molecular structure 
(148). Variation from the rule may be due, in part, to the formation 
of complexes between the pigments and the solvent. These variations 
are most apparent when pigments containing carbonyl groups in con- 
jugation with the system of alternate single and double bonds are dis- 
solved in polar solvents such as alcohols or ketones. Chlorophyll b 
with two carbonyl groups in conjugation with the same system of 
alternate single and double bonds found in chlorophyll a has its absorp- 
tion maxima at much longer wave lengths when in solution in methanol 
than when in solution in nonpolar solvents. By contrast, chlorophyll a 
with only one carbonyl group exhibits more similar spectral absorp- 
tion properties when dissolved in polar and in nonpolar solvents. Dis- 
solved in nonpolar solvents, chlorophylls exhibit greater absorption 
coefficients than when dissolved in polar solvents. 

Similar phenomena are observed with xanthophylls which con- 
tain carbonyl groups in conjugation with the polyene system. In 
general, such xanthophylls exhibit more pronounced absorption max- 
ima when dissolved in nonpolar solvents than when dissolved in polar 
solvents. These effects may be made the basis for the prediction of 
the structure of xanthophylls. As an example, solutions of peridinin 
in petroleum ether exhibit several pronounced spectral absorption 
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bands; but solutions of this pigment in ethanol, in acetone, or in 
petroleum ether containing a few per cent ethanol exhibit a single 
broad absorption band; hence, the peridinin molecule probably con- 
tains one or more carbonyl groups in conjugation with the polyene 
system. 


ABSORPTION SPECTRA OF LEAVES 


Even when computed on a comparable basis, absorption spectra 
of the green parts of plants do not as a rule correspond very well 
with the spectra of solutions of the pigments from the same plant 
material (14, 15, 82, 139, 149, 150, 151). Usually the absorption by 
the plant is too great in the regions where the extracted pigments 
absorb little light and too small in the regions where these extracted 
pigments exhibit maximum absorption. There are at least three prin- 
cipal conditions contributing to this disagreement. Pigments in the 
leaf occur in concentrations several thousand times greater than that 
of the pigments in the extracts utilized for spectral absorption meas- 
urements. For this reason, specific absorption values of the pigments 
in the two states may not be comparable. Scattering of light by col- 
loidal material in the plant tends to increase apparent absorption 
values disproportionately in the spectral regions where absorption by 
the pigments is small. Owing to the concentration of pigments in 
discrete plastids, some light may pass through the plant without pass- 
ing through the pigments, an effect that would cause the absorption 
by the plant to be relatively much less in the regions where the ab- 
sorption by the pigments is greatest. In addition, the absorption 
maxima of chlorophyll in the leaf occur at considerably longer wave 
lengths than do those of chlorophyll in any known solvent. Whether 
this is due solely to the concentration of the chlorophyll, to its col- 
loidal condition or physical state, or to other factors is not yet clear 
(28). Absorption spectra of pigments extracted from ruptured cells 
with aqueous solutions resemble spectra of living cells (151). 


UTILIZATION OF ENERGY ABSORBED BY VARIOUS PIGMENTS 


Comparison of the amount of radiant energy utilized by the plant 
relative to that absorbed by each of the pigments has revealed that in 
diatoms some of the energy absorbed by carotenoid pigments (fuco- 
xanthin) must be utilized in the photosynthetic reactions (152). In 
Chlorella and in Chroococcus (a blue-green alga) light absorbed by 
carotenoids is probably utilized but not so efficiently as that absorbed 
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by chlorophyll (14, 15). Light absorbed by phycocyanin in Chroo- 
coccus is utilized quite as efficiently as that absorbed by chlorophyll a 
(14), in spite of the fact that phycocyanin does not appear to be bound 
to the other pigments (28). 

For plants such as diatoms, dinoflagellates, and brown algae that 
thrive at appreciable depths in the sea (20, 71, 72), utilization of 
energy absorbed by pigments other than chlorophyll a may be of espe- 
cial importance. Because of the opacity of the sea to red and blue light, 
the submerged plants receive a preponderance of green light (3). Rel- 
atively little of this light is absorbed by chlorophyll a, whereas much 
of it is absorbed by the carotenoid pigments and by chlorophyll ¢ (59, 
152). 

In diatoms the quantum yield of chlorophyll fluorescence is con- 
stant even when the exciting light is of such wave length that a large 
proportion is absorbed by carotenoid pigments. In acetone extracts 
of the diatoms, energy absorbed by the yellow pigments does not ap- 
pear as chlorophyll fluorescence. The living organism must, there- 
fore, contain a mechanism for the transfer of energy among the pig- 
ments (153). In all plants, the yield of chlorophyll fluorescence is 
small (154, 155). Extension of these measurements to plants contain- 
ing bacteriochlorophyll and to those containing chlorophyll d may yield 
valuable information regarding the mechanism of energy transfer 
in the photosynthetic reaction. 

Studies of the efficiency of photosynthesis (156) and of the mech- 
anism of carbon dioxide reduction in nonphotochemical systems (157) 
have indicated that the photochemical reaction may consist of steps 
each of which need not contribute more than a small fraction of the 
amount of energy required to reduce one molecule of carbon dioxide. 
Further investigations may be expected to yield information about 
the mechanism of energy transfer from pigments to carbon compounds 
(153, 154, 155) and about the nature of the carbon compounds pro- 
duced at this step (158). 
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MINERAL NUTRITION OF PLANTS 


By F. J. RicHarps 


Research Institute of Plant Physiology 
Imperial College of Science and Technology, London, England 


Owing to conditions imposed by the war, the sources of litera- 
ture covered by the present review are inevitably restricted. Never- 
theless, of the available subject matter it is proposed to deal at some 
length with one or two aspects only of mineral nutrition, and to con- 
fine attention to the so-called major elements. Matters to be dis- 
cussed in some detail are the relationship of potassium to other 
cations, and certain principles relating to the design and interpreta- 
tion of complex experiments. 

Absorption of ions, etc-—The old problem of the dependence on 
the transpiration stream of salt absorption and distribution has been 
re-examined by Broyer & Hoagland (1) in experiments which once 
more emphasise the importance of the metabolic status of the ma- 
terial used in studies of this kind. The absorption rate of young 
barley plants with a low-salt, high-sugar status was found to be 
closely dependent on such root factors as aeration and temperature, 
but largely unaffected by variations in transpiration rate brought 
about by differences in humidity and light conditions; absorption by 
roots higher in salt and lower in sugar, on the contrary, was appre- 
ciably affected by transpiration rate. The following explanation is 
advanced to account for this difference: increased growth and photo- 
synthesis in the latter plant type under the favourable aerial condi- 
tions increased absorptive capacity through enhanced metabolic 
activity, while the capacity of the low-salt, high-sugar type was 
initially so great as to be affected relatively little by environmental 
conditions around the shoot, the duration of the experiment being 
limited. Reduced transpiration in some circumstances retarded or 
even prevented for a short period the movement of salts to the upper 
regions of the plant. 

A contribution towards understanding the physiological basis of 
mutualism has been made by Routien & Dawson (2), in a study of 
the effects of mycorrhizal development on salt absorption, respiration 
rate, and growth in Pinus echinata. Using prepared clays with 
known exchange capacities, it was found that calcium, magnesium, 
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potassium, and iron were absorbed in much greater quantities, at low 
levels of base saturation of the clay, by the mycorrhizal than by the 
non-mycorrhizal plants; but at high degrees of saturation differences 
due to the fungus were slight. Respiration rate of unit length of root 
was increased two to four times by infection, and even greater dif- 
ferences were found in the anaerobic production of carbon dioxide. 
In view of the increased respiration it is suggested that “possession of 
mycorrhizae enables the plant to excrete more hydrogen ions for use 
in base exchange reactions with the soil colloids.” While absorption 
of iron is regarded as one of the major roles of mycorrhizae in the 
growth and survival of Pinus, enhanced phosphorus uptake, claimed 
by earlier workers, was not confirmed. 

The technique of supplying experimental plants with the bases in 
adsorbed form, as in Routien & Dawson’s work (2), continues to 
attract more exponents and some of the work to be reviewed later 
employs such methods. A technique for nutrition studies has been 
outlined by Converse et al. (3), who claim by its use growth re- 
sponses and deficiency symptoms more definite than with solution 
cultures. Two other papers on this subject are of importance: Cole- 
man (4) showed that oats and cotton can utilise in large amounts 
clay-adsorbed phosphate which is not removed by extractants com- 
monly employed in the determination of readily available phos- 
phate in soils, while Graham & Albrecht (5) demonstrated that 
adsorbed nitrate is available to plants as readily as are adsorbed ca- 
tions. 

Experiments of considerable interest, relating to the mechanism 
of auxin action, have been described by Commoner et al. (6). Thin 
discs of potato immersed in hypertonic sucrose solutions lost water 
during six days, but with addition of 10 mg. of indole-3-acetic acid 
per liter only a slight initial loss occurred, with subsequent full re- 
covery ; whereas when potassium chloride or fumarate was also added 
water was actually taken up. Since auxin can bring about absorption 
of water in flaccid cells against an osmotic gradient, restoring tur- 
gidity or even resulting in cell enlargement, the theory is disproved 
that it acts primarily on the cell wall. It is argued that the consider- 
able water absorption from an external solution of salts suggests that 
auxin may act by increasing the amount of solutes in the cells. This 
argument is perhaps not so convincing, but further work (7) showed 
that auxin affected salt uptake by potato discs in a manner parallel to 
its influence on cell enlargement. From these and other experiments 
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it is concluded that the effect of auxin on cell enlargement depends 
upon its effect on salt absorption. 


The dependence of cell enlargement on respiratory processes may be viewed 
as a consequence of the respiratory dependence of the salt absorption process, 
and the evidence points to the four-carbon acid metabolism as the respiratory 
agent particularly related to these phenomena. 


Remarkable results relating to the problem of chlorosis in water 
culture have been reported by Went (8), which, if substantiated, will 
have important bearings both on theoretical physiology and on the 
methods of water culture. According to Went, the chlorosis and 
poor top growth often obtained in solution cultures cannot be pre- 
vented by aeration, although they may be avoided by careful control 
of the pH and by raising the iron level to many times that required 
in sub-irrigation techniques. If, on the other hand, the root system 
be divided, one portion remaining in the solution while the other is 
allowed to develop in moist air, even at low iron levels the chlorotic 
symptoms disappear and growth of the tops becomes maximal. A 
very small proportion of the root system outside the solution may per- 
form this function; indeed, even roots developing in the saturated 
atmosphere above the solution may be effective. Internal secretion 
by the aerial roots of “caulocaline,” a specific factor for shoot growth, 
is postulated to explain the phenomenon. Clearly, plants differ much 
as regards the aeration necessary for their roots, some apparently 
being independent of it. Went, however, considers that in general plant 
roots exhibit a division of labour, deep roots being concerned with 
the absorption of water and salts, and surface roots with caulocaline 
production. It is difficult to envisage the respects in which roots 
growing in moist air, and surrounded by a water film, differ from 
those growing in efficiently aerated solutions, as regards either access 
to oxygen or freedom from carbon dioxide accumulation. It would 
appear therefore that if aerial roots really act in this way, caulocaline 
production must either be inhibited by the presence of salts (in which 
case transference of the roots to pure water should enable it to pro- 
ceed), or else the hormone or some precursor must escape from sub- 
merged roots. 

Diagnosis and assessment of deficiency.—In agricultural and horti- 
cultural practice early diagnosis of unbalanced nutrient conditions is 
always an urgent need, and one to which increasing attention is being 
devoted. Wallace has specialised for many years in diagnosis by 
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visual inspection alone, and has now published a series of attractive 
colour photographs (9). While these should be of much value to 
field workers, much experience will be required to train the eye suffi- 
ciently to discriminate definitely between more than a few of the 
better-defined symptoms. Diagnostic methods involving analytical or 
plant-tissue tests have been discussed recently in several papers (10 
to 13). Methods suited to pineapples have been elaborated and illus- 
trated by Nightingale (14, 15) in two papers meriting attention. The 
first paper has already been reviewed (16), and the main principles 
outlined; in the second, inter-relations of the three major nutrient 
elements are considered in some detail. Although fruits from plants 
subjected to variations in phosphorus and potassium supply differed 
much in size, they were found to be similar in flesh colour and texture, 
sugar content, acidity, etc. This is attributed largely to an interplay 
of compensating relationships, e.g., when phosphorus and potassium 
are both low, carbohydrate accumulation is also curtailed; the low 
potassium level limits nitrate absorption, while reduced nitrogen in its 
turn allows freer absorption of the available phosphate. The net result 
is a condition of “proximately balanced multiple deficiencies,” re- 
flected in reduced size largely unaccompanied by other adverse effects. 
The subject is again discussed in another paper (17). While recog- 
nising as a general principle the capacity of plants, within wide limits 
of available nutrients, for adjusting uptake and utilisation to secure 
high efficiency, yet in this instance the explanation offered may not 
be entirely cogent; for Arnon & Hoagland (18), working with to- 
matoes, have demonstrated that over a wide range of potassium and 
phosphorus nutrition the mineral composition of the fruit is remark- 
ably constant, in strong contrast to that of the vegetative parts. Simi- 
lar constancy was found whether the plants were grown in soil, water, 
or sand, and over a three-fold concentration range of the culture 
solution. 

Olsen & Shaw (19) investigated in six Ohio soils the relation be- 
tween crop response to potash fertilisation and available potassium. 
In order to evaluate the latter, chemical and biological (Mitscherlich 
and Neubauer) tests were run concurrently with the field trials. All 
methods agreed in ranking the soils in the same order as did the field 
responses, the biological methods giving rather better differentiation 
than the chemical tests. In the field trials each soil was investigated at 
four potassium levels over a period of three years, the layout being in 
each case a Latin square; the results were examined using the analysis 
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of variance. These field results have been re-examined by Willcox 
(20) from the agrobiological point of view, and some of the data have 
been fitted into the “universal yield diagram.” The claims for this 
method are far-reaching, and the underlying principle on which are 
based estimates of potash availability and general fertility level is not 
at fault, namely a comparison between the slope of the response curve 
and the absolute level of yield. A fundamental assumption as to the 
form of the response curve is made, however, which conflicts with 
the evidence in the experimental data; to be serviceable the “universal 
yield diagram” is entirely dependent upon the observed response 
curve conforming to the Mitscherlich type. Willcox rejects the prac- 
tical relevancy of the analysis of variance, and appeals to the eye as a 
guide in fitting observed values, which show no statistical evidence of 
differences, on to the theoretical yield curves. Examination of the 
data leads irresistibly to the conclusion that the analysis of variance 
is in this instance a more reliable guide than Willcox admits. 

Calcium/potassium ratio.— Interest in problems of potassium 
nutrition has characterised the year under review, owing largely to 
the publication of twelve addresses on the subject delivered to the 
American Chemical Society (21). The themes chiefly concerned are 
the factors affecting potassium absorption and the relation of other 
cations, particularly calcium and sodium, to potassium. Some of these 
questions will be examined in considerable detail, and in order to 
stress salient points full use will be made of two papers already briefly 
noticed in last year’s review (16). 

Since variation in the Ca/K ratio of soils is reflected within the 
plants naturally growing on those soils, the use of the ratio is sug- 
gested, not for the first time, by Albrecht (22) as a basis for an eco- 
logical classification. When the ratio is low, growth is increased, and 
both percentage and total contents of nitrogen and phosphorus are 
reduced : the crop is “carbonaceous.” With high ratios the vegetation 
is more “proteinaceous.” In this connection may be cited the work 
of Chu (23), who found that different species of planktonic algae have 
variable requirements in the way of calcium, magnesium, potassium, 
and sodium, but are much more constant as regards nitrogen and 
phosphorus requirements (the optimum levels of the latter are very 
low, for nitrogen 1 to 7 p.p.m., and for phosphorus 0.1 to 2.0 p.p.m.). 

Peech & Bradfield (24) state that addition of lime to soils contain- 
ing neutral salts either may not affect, may decrease, or may increase 
the concentration of potassium in the soil solution, according to the 
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initial degree of base saturation. They believe that calcium has little 
effect on the absorption of potassium, at least at concentrations such 
as occur in soil solutions, and conclude indeed that the apparently 
contradictory results concerning the calcium-potassium relationships 
in soils and plants are in fact in fairly good agreement. This view 
would seem probably to over-simplify the position, as appears from 
another discussion of the relevant data by Pierre & Bower (25). 
They point out that calcium may increase potassium uptake when 
the concentration of the latter is high and the Ca/K ratio relatively 
low, or when the concentrations of sodium and possibly other cations 
are high relative to potassium; but that where calcium is present in 
high concentration it reduces potassium absorption. They postulate 
that the effect of any cation on potassium absorption depends on 
(a) potash level, (>) relative concentration of the cation to potassium, 
(c) the specific cation, (d) presence of other cations, (e) plant species, 
and (f) pH. When to these factors are added others due to the kinds 
and amounts of the various anions, some notion is gained of the com- 
plexity of the situation. In agreement with Peech & Bradfield (24) 
they infer the probability that “ion competition” is more pronounced 
at high concentrations than at low, for a given ratio of the cations. 
Potassium has a higher “competitive ability” than other common 
cations, hence calcium and magnesium do not reduce potassium ab- 
sorption to the same extent as does potassium that of the divalent 
elements. 

Further studies of the Ca/K ratio in nutrition are found in other 
papers (26, 27), but the most revealing results are those of Hunter 
et al. (28). Prepared potassium-, calcium-, magnesium-, and phos- 
phate-soils were mixed in suitable proportions to give exchangeable 
Ca/K equivalent ratios of 1, 2, 4, 8, 16, and 32 respectively; since 
the sum of the two cations studied was approximately constant, ini- 
tially the soils contained very different absolute levels of these nutri- 
ents. Seven successive crops of alfalfa were grown on each mixture, 
gradually exhausting the soils, and from analysis of the crops it was 
possible to follow approximately the changing nutrient conditions for 
each. The important result was obtained that over a very wide range 
of Ca/K ratios (1 to 100) in the medium, the yield was almost uni- 
formly good so long as the soil contained more than a critical limit of 
potassium. When the Ca/K equivalent ratio in the plant tops exceeded 
about 4.0, yield was depressed, but a differentiation just as good as 
regards response was given by the absolute contents of either calcium 
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or potassium alone ; thus, whenever calcium in the tops exceeded 2 per 
cent, or potassium fell below 1 per cent, the yield dropped abruptly. 
This result throws much light on the value of the Ca/K ratio. Without 
doubt the dominant factor throughout the experiment was the abso- 
lute amount of potassium available to the plant; the response of 
alfalfa at least is determined primarily by the absolute internal level 
of potassium. Its relation to calcium is of quite secondary impor- 
tance, for yield is not markedly reduced unless the supply of potas- 
sium is so inadequate that no adjustment of the other cations can 
compensate for the lack of it. The contents of other cations may have 
comparatively minor effects on that yield, but probably would be re- 
flected mainly in the symptomatic response of the plant. The inter- 
pretation of all work relating to the relative concentrations of two or 
more nutrient elements must include assessment of the effects of the 
absolute as well as the relative contents, a consideration so obvious 
that it is sometimes apt to be overlooked. 

The main requirement then is a knowledge of the effects on yield 
etc. of varying content of either element at each content level of the 
other, a relationship such as could easily be illustrated in a solid 
model, or by contour lines in a square diagram. Whether simpler 
prediction formulae for this yield surface could be obtained from 
(a) the sum of the concentrations, and (>) their ratio, rather than 
more directly from the individual concentrations themselves, is very 
doubtful; it is, however, certain that adequate prediction over the 
whole surface will not be obtained if the two degrees of freedom rep- 
resented by the independent variables are artificially reduced to one, 
as happens when the ratio alone is considered. The point will be 
amplified later. 

Potassium deficiency and accumulation of other ions.—This dis- 
cussion has led to a consideration of the possibility that the diagnostic 
symptoms of potassium deficiency may differ according to the rela- 
tive contents of cations other than potassium—nor need possible 
effects of anions and carbohydrates be excluded. It is characteristic 
of potassium deficiency that other elements accumulate in the cells; 
should these accumulations reach toxic levels, definite symptoms may 
be expected to arise, and there is no apparent reason why accumula- 
tions of different elements should not lead to the development of 
diverse symptoms. The variety of symptoms found in barley has in 
fact been attributed to such accumulations (29). Hence the investi- 
gations of Chapman & Brown (30), dealing with symptoms in citrus 
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under potassium deficiency, are of interest; solutions were used both 
high and low in calcium, magnesium, sodium, nitrate, sulphate, and 
chloride. Two effects were attributed by the investigators to toxic 
accumulations : a leaf burn due to sodium, and in lemon a leaf pattern 
typical of boron excess ; boron was found to have accumulated to some 
six times the normal content in leaves so affected. Apart from these 
two effects the symptoms developed in the various solutions were 
generally similar, a fact which is interpreted as indicating that they 
were primary, being “associated with some fundamental disturbance 
of plant metabolism caused by potassium deficiency.” This interpre- 
tation may be questioned. 

Accumulations of calcium, magnesium, and nitrogen were en- 
countered in the experimen: ; phosphorus, sulphur, and chlorine were 
nowhere absorbed in excess. Sodium accumulations are claimed, but 
actually the contents were always very low; only in one instance was 
so much as 0.5 per cent of the dry weight recorded, and even here 
the calcium content was more than five times as great as that of 
sodium, although in the solution sodium was present to five times the 
calcium level. Citrus is evidently incapable of absorbing large quanti- 
ties of sodium. Even so, Chapman & Brown claim that these low 
sodium contents resulted in a leaf burn. Under the circumstances, 
the general constancy of the symptoms might well be attributed to the 
similarity in composition, and be due in large measure to effects of 
excess calcium and magnesium. In high-sodium nutrients the onset of 
adverse symptoms was delayed ; here, while sodium itself was not ab- 
sorbed excessively, calcium and magnesium accumulation was not as 
excessive as in other treatments, and was presumably retarded. In 
barley, composition is much more variable (31) and the variability is 
reflected in the symptoms accompanying deficiency. The conclusion 
that the symptoms described are primary in character is therefore 
open to serious question. Growth rate was apparently retarded long 
before other symptoms appeared, and this retardation might well be 
a primary effect ; accumulations, resulting largely from this, reached 
toxic levels and characteristic abnormalities appeared. 

The question of toxicity as related to potassium deficiency was 
also raised by Mullison & Mullison (32). Previous work (33) had 
provided evidence of toxic effects due to excess phosphorus under 
nitrogen deficiency, and had also shown that in a high phosphate 
solution, in the absence of sodium, symptoms of potassium deficiency 
were very severe, appearing in two or three days. The Ca/Mg ratio 
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in the solution made little difference to the severity of the disorder, 
though as the ratio became very small the symptoms changed. The 
later work demonstrated that in the presence of sodium, symptoms 
were much milder. The questions therefore were raised whether those 
symptoms were aggravated by phosphate toxicity, and whether sodium 
could largely replace potassium. To investigate these matters barley 
seedlings were grown in the same types of solution as before, but at 
differing phosphate levels, and over two pH ranges, both in the pres- 
ence and absence of sodium. The lower pH range was sufficiently 
acid to be highly detrimental, and here there was evidence of phos- 
phate toxicity. At the higher range, however, little evidence emerged 
of differential toxicity due to phosphate, but again sodium amelio- 
rated the condition. Hence it was concluded that the severe dieback 
found in their experiments 

must have been caused by the fact that there was no sodium present to substi- 
tute for the lack of potassium; [it was] due to a deficiency of potassium rather 


than to interrelations of PO, and NO,, or Ca and Mg, or a toxicity of one 
of these. 


As to phosphorus toxicity, the very high and excessive level of 
phosphorus nutrition should be stressed, both as absolute concentra- 
tion and also relative to nitrogen, even in this lowest phosphorus treat- 
ment. There can be no doubt that at the lowest level, in the absence 
of potassium, internal phosphorus content was excessive and probably 
but little below that developed from the higher phosphorus solutions. 
Data have been presented (29) showing that in barley, under nutrient 
conditions closely similar to those described here, phosphorus accumu- 
lates internally and becomes highly detrimental even from much lower 
external concentrations than the lowest used by Mullison & Mullison. 
Hence there can be little doubt that toxicity due to this element was an 
important contributory factor in the deterioration of the plants. Nor 
does the writer see in the data and discussion presented any reason 
to doubt that calcium and magnesium accumulations occurred, just 
as in the experiments of Chapman & Brown (30); indeed in these 
latter data, for leaves of a given age, the highest content of calcium 
was found in plants supplied with a large excess of phosphorus. 

The effect of sodium.—In order to investigate more fully the effect 
of sodium, Mullison & Mullison grew barley in a solution free from 
the element with concentrations of potassium ranging from 0 to 180 
p-p.m., while in a parallel run the same treatments were applied ex- 
cept that the deficit of potassium below 180 p.p.m. in each solution 
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was made up with sodium. In this experiment considerable improve- 
ment in dry weight was again found, the result being interpreted as 
further evidence that “sodium itself is utilized in place of the potas- 
sium when the latter is present in insufficient amounts.” In the 
writer’s view this is a misconstruction, since the sodium effect was 
found even at high potassium levels, where the actual amount of 
sodium presented was smaller than at lower potassium levels. Clearly 
the improvement due to sodium at high potassium levels was some- 
thing added to the potassium effect, and not a substitution effect, for 
potassium was already in a concentration high enough to give its maxi- 
mum yield. The highest yields were given by concentrations of 20 to 
40 p.p.m. of potassium combined with 160 to 140 p.p.m. of sodium, 
and in the absence of sodium the yield at all potassium levels was 
lower. There is no reason for assuming that at the lowest potassium 
levels the similar improvement in yield following sodium addition, 
even if relatively greater, was in any real sense a substitution effect. 
Indeed results obtained at this Institute indicate that the increased 
growth rate in barley, resulting from the addition of a moderate 
amount of sodium to a high calcium solution virtually without potas- 
sium, is by no means indicative of generally improved physiological 
conditions. Size of individual leaves, and total leaf area, are increased, 
but assimilation rate is reduced. Tillering does not stop at the nor- 
mal time and becomes excessive; in spite of the increased tiller num- 
ber practically no ears reach maturity, and no grain is produced. In 
the absence of sodium, on the contrary, half the ears are carried to 
maturity in the normal time and an appreciable yield of good grain 
results. 

Analyses of these plants, grown in nutrient media designated as 
HCK,; and HDK; (31), indicate that calcium uptake is reduced by 
sodium, which itself is readily absorbed, resulting in a high and 
probably detrimental sodium content; the effect on magnesium is un- 
known, but it is likely that accumulation of both divalent elements is 
reduced. It is possible that the increased vegetative growth following 
sodium addition is due rather to the reduction of calcium than to the 
presence of sodium. As in the experiments of Mullison & Mullison, 
the modification of plant type induced by sodium is found also at 
higher potassium levels, but with diminishing intensity. Reference 
may also be made to the phenomena found under acute potassium 
deficiency in the absence of sodium and the presence of only small 
amounts of calcium, when nitrate and phosphate are supplied as am- 
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monium salts (29). Here the symptoms appear as quickly and are 
quite as severe as those described by Mullison & Mullison (32) ; rapid 
death of foliage and plants leaves no doubt that poisoning is the main 
cause of deterioration. Addition of sodium, instead of improving mat- 
ters, results here in more complete destruction ; presumably there can 
be no excess accumulation of calcium in any event, and sodium cannot 
now result in improvement, though rubidium does so. It may also be 
noted that in these plants, in the absence of sodium, reduction of 
phosphorus supply diminishes the toxic symptoms, and if continued 
far enough eliminates them altogether. 

Lehr (34) attacked the same problem from the standpoint of the 
relative concentrations of potassium, sodium, and calcium in the beet. 
Relative contents of the three cations for each treatment were plotted 
in triangular diagrams, leaves and roots being treated separately; in 
both triangles, regions of roughly equal yield could be delimited. From 
the observed distributions it was deduced that in the root, sodium is 
able very largely to substitute for potassium; it has moreover a 
second important function ‘as a stimulant to production.” In the 
leaf the second effect is much more pronounced, but “it is probable 
that sodium does not play the part here of a replacement.” Is then the 
function of potassium different in root and leaf? 

According to Lehr 
the inclination has been too great to evaluate the importance of an element ac- 


cording to its absolute quantity. In the equilibrium of cations, however, the 
decisive factor is the exact proportions rather than the absolute quantities. 


Neither aspect should be neglected, and Lehr’s own interpretation 
suffers somewhat from neglect of the latter. Yield certainly depends 
on the absolute content of potassium and, over a narrower range, of 
calcium also; when potassium is low no adjustment between sodium 
and calcium can compensate for the lack. Thus by the use of am- 
monium salts to provide nitrogen and phosphorus, and a careful regu- 
lation of low external concentrations of the cations, yields might pre- 
sumably be procured much below the lowest observed in this experi- 
ment, yet occupying the same region of the triangle as do actually the 
highest. Hence the topography of such a figure is fortuitous in the 
sense that it is largely determined by the particular combination of 
treatmerits from which it is derived. In order to avoid confusion with 
effects of absolute potassium content one of two conditions would 
need to be fulfilled. First, sufficiently high potassium levels could 
be used to ensure that its content variations would not in themselves 
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limit yield, a condition apparently nearly fulfilled in Lehr’s experi- 
ment; it would then, however, be automatically impossible to obtain 
substitution effects of sodium. Second, by suitable adjustment of the 
culture solutions the potassium content of the plants might be regu- 
lated at a low but constant level, so that growth would be directly lim- 
ited, while substitution effects, if any, might contribute to yield. Even 
under these hypothetical conditions it is not obvious what criteria 
could be used to decide whether an effect ascribed to sodium was in 
fact a substitution effect for potassium, or one not directly related to 
that element. It may be noted too that each yield position in the 
triangle could now be interpreted in two ways, either in relation to 
the proportions of the three variables, or to the absolute content of 
calcium and sodium. A more logical and comprehensive approach to 
the problem of the interrelations of the ions in growth is outlined in 
the final section of the review. 

Lehr’s data (34), consistently with many others on beet (35) and 
mangold,’ etc., show an appreciable response to sodium. In its ab- 
sence, at the low potassium level, calcium accumulated to very high 
concentrations in the leaves, but the content fell as potassium level 
increased. Sodium acted similarly on calcium absorption, and simi- 
larly increased yield, but produced a different type of plant. Pre- 
sumably the high calcium content is again detrimental, and these par- 
ticular crops may respond so well to sodium because of their inordi- 
nate ability to absorb calcium. Again, sodium may entail greater 
phosphate absorption (31, 37), while it is possible that internal ex- 
cess calcium may in its turn interfere with phosphorus metabolism 
and partly account for the calcium type of plant “characterized chiefly 
by compressed habit and dark green colour of foliage.” Assuming 
that the ratio of the total weight of the plant to that of the leaves pro- 
vides a rough measure of assimilatory efficiency, in Lehr’s experi- 
ment leaf size and efficiency were not coordinated, for high efficiency 
required higher potassium and lower sodium content than large leaf 
size. In the experiment, too, the highest sodium level was definitely 
detrimental. These effects all resemble those found in barley, and 
mentioned earlier, and there can be little doubt that in both plants the 
phenomena are of the same general type, differing only in degree. 

In the writer’s view, the most likely relationship of sodium to 

1 See an interesting survey by Watson & Russell (36) of the data obtained 


in the Barnfield experiment at Rothamsted over a period of more than sixty 
years. 
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potassium may be summarised thus: sodium cannot perform the pri- 
mary essential function of potassium. When the potassium level is 
too low to exert this function adequately, toxic accumulations of other 
elements may occur, producing characteristic symptoms and reducing 
growth still further, or even leading to death of the plant. Sodium 
may hinder or entirely suppress such accumulations, thus improving 
the general condition; it may also increase phosphorus uptake, with 
either favourable or detrimental results. In some plants, e.g., barley, 
however, sodium may itself accumulate to toxic levels, resulting in 
secondary injury of a modified type; but in others (beet, mangold) 
higher internal concentrations are tolerated and considerable improve- 
ment results. In these plants sodium may exert a beneficial effect 
even when the potassium supply is sufficiently high not to limit growth 
directly ; but in barley at high potassium levels large increases in yield 
due to sodium are not found, although the plant type is again modified 
in its presence. The toxic effects postulated may indeed be due to 
unbalanced values of the internal cation ratios, but probably are due 
largely to direct accumulations. 

It is of considerable interest that in Lehr’s experiment (34) potas- 
sium appeared in much lower concentration in the leaf than either 
sodium or calcium, while in the root it constituted the dominant ele- 
ment. A high potassium content in potato tubers, as contrasted with 
high calcium in the shoots, has likewise been recorded by Schroeder & 
Albrecht (26). A strikingly similar difference in the mineral compo- 
sition of leaf and fruit in tomato has been noted by Arnon & Hoag- 
land (18), and again in strawberry by Lineberry & Burkhart (38). 
The physiological similarity between these types of “storage organ” 
is thus emphasised. Closer enquiry into the causes and consequences 
of this differential cation distribution should be profitable. 

Nutrient effects in metabolism.—A study of the onset of sulphur 
deficiency in Chlorella, and of recovery from it, has been presented by 
Mandels (39). As deficiency progresses, chlorophyll formation slows 
down and is superseded by decomposition and chlorosis ; cell-division 
also stops, though chlorophyll formation decreases more rapidly. 
Chlorotic cells accumulate fat instead of starch. During recovery, 
chlorophyll formation proceeds exponentially and at a higher rate than 
in normal cells; it precedes cell-division and the final content is much 
above normal. About one mole of chlorophyll is formed for every 
three moles of sulphate supplied. Deficient Chlorella is able to utilise 
sulphur from many inorganic sources (hydrogen sulphide, thiosul- 
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phate, pyrosulphate, sulphite, persulphate), but from no organic com- 
pound so far tested. In this connection Thomas et al. (40), in a com- 
prehensive study of sulphur nutrition in alfalfa, demonstrated that 
under deficiency the yield may be improved by fumigation with sul- 
phur dioxide, though this is a less effective source than sulphate. 
Plants growing in the presence of sulphate absorb less from the solu- 
tion if fumigated. Further work on sulphur metabolism has been 
reported by Eaton (41, 42) and a final survey of his series of investi- 
gations has also been presented (43). He concludes that in sulphur 
deficiency increased proteolysis probably occurs concurrently with 
reduced protein synthesis, accounting for increased soluble organic 
nitrogenous compounds. At the same time reductase activity is low, 
leading to nitrate accumulation, hence there is a “rather unique 
mechanism that enables the plant to carry on the processes of pro- 
teolysis and starch accumulation at the same time.’ The argument 
for increased proteolysis is based largely on a lowered reducing sugar 
content, that for retarded synthesis on a presumed deficiency of 
sulphur-containing amino acids. The position, however, would seem 
to be complex, since soluble organic sulphur actually accumulates. 
Two further contributions have appeared from the Adelaide 
school (44, 45) on the inter-relations between respiration rate and 
protein, carbohydrate, and water contents. Using Phalaris tuberosa, 
changes in these characteristics in the leaves were determined during 
five days following differential treatment with sucrose and ammonium 
chloride. The view is maintained that proteins are synthesised di- 
rectly from all the amino acids rather than along any alternative path, 
and in fact extremely good prediction of protein content could be 
obtained from amino acid and water contents considered together. 
Ammonia showed no relation to protein, while respiration rate was 
closely related to amino acids; it is suggested that the latter are oxi- 
dised differentially. This is not the place to enter into a close discus- 
sion of these matters ; indeed, it would appear that experiments along 
these lines cannot supply final answers to the questions at issue. It 
may however be emphasised that the experiment in general consti- 
tuted a study of net protein hydrolysis on a considerable scale and of 
export of nitrogen from the leaves to unspecified destinations. None 
of the treatments resulted in increased protein content, and sucrose 
addition was strikingly detrimental: on the fifth day the mean protein 
content of the leaves of the sucrose treated plants was 1.71 per cent, 
while prior to treatment it had been 2.72 per cent; this fall appar- 
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ently cannot be accounted for by sucrose uptake. Abnormal metab- 
olism may therefore have been studied, and it is more than doubtful 
if the various correlations found are typical of those ordinarily obtain- 
ing. For example, in two treatments, while this breakdown was oc- 
curring, ammonia was being forced into the leaves; this might well 
obscure relationships to be expected on some theories between am- 
monia and protein in normal metabolism. The good prediction obtain- 
able for protein from total amino nitrogen and water contents may 
arise very largely from causes other than that to which it is attributed 
by Wood & Petrie (44). The relationship with total amino nitrogen 
may be seen from a correlation diagram to depend almost entirely on 
the fact that plants from the two treatments given nitrogen in the ab- 
sence of sugar behaved quite differently from those in the remaining 
five.2 Instead of losing nitrogen, they maintained their protein while 
amino nitrogen, along with other soluble forms, increased as a result of 
the nitrogen supplied. Within neither group was there appreciable evi- 
dence of a simple relation between protein and amino nitrogen content, 
but the pair given nitrogen without sugar naturally contained much 
more nitrogen in all forms than the other five. Hence the observed 
total correlation depends very largely on the fact that the leaves in 
some treatments were losing nitrogen and in others gaining it. A 
clear discussion of the validity of correlation coefficients in data of this 
kind has been presented recently by Welker & Wynd (46). 

Again, much of the correlation with water must certainly arise 
from hydration of the proteins themselves ; hence the good prediction 
obtained for protein when water content is one of the independent 
variates gives little indication of the extent to which protein has in 
fact been determined by water content. The inverse relationship, the 
physiological dependence of water content on protein content, is im- 
plicit in the work of Mason & Phillis (47, 48, 49), who consider the 
primary determinant of water content to be a “bulk factor,” i.e., the 
amount of anhydrous protoplasm. Variation in water content, when 
measured in terms of anhydrous protoplasm, is attributed to variation 
in hydration capacity, this being determined by the salt content. 
Osmotic vacuolar effects are of minor importance. This work is open 
to the criticism that salt content is estimated as the product of water 
content and electrical conductivity of the sap; hence correlations with 
water content are artificially exaggerated. The conclusion that their 
results demonstrate a close dependence of water content on salt con- 

2 See Fig. 2 in reference 45 for protein vs. residual amino nitrogen. 
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tent, with no evidence of differential effects of the various ions, rests 
therefore on insecure foundations. Not only this work, but other con- 
clusions reported in the previous review (16) and relating to the dis- 
turbing effect of size of plant on water content in potassium deficiency, 
and to the theory of apolar adsorption in metabolism, have been rad- 
ically criticised elsewhere by the present writer (50). 

Triangular diagrams and experimental designs.—Increasing use 
is being made of the triangular diagram for representing the depend- 
ence of some measured characteristic, such as yield, on the relative 
content of three nutrient ions. As was seen earlier, the method has 
serious theoretical limitations, due very largely to the fact that in it 
two degrees of freedom only are used to evaluate results obtained 
from a physiological system involving three. This might be overcome 
by considering a series of triangles, within each of which a particular 
constant sum of the three ions under study is maintained. Such a set 
of figures would constitute cross-sections of either a triangular prism 
or pyramid, the solid enclosing contour shells. With sections graded 
in size to form a rectangular triangular pyramid, the solid would be- 
come simply the corner of a cube. Moreover, the three cube edges 
would now represent the axes of an orthogonal coordinate system, 
each axis corresponding to one degree of freedom and representing 
one of the three ions in isolation from the remaining two. This ar- 
rangement is the most rational geometrical representation of the inter- 
acting effects of three ions, and applies equally whether the ionic con- 
centrations, whose effects are under investigation, are those within 
the plant or in the nutrient solution. Not only can triangular sections 
be derived from a cube, but sections parallel to one face give immedi- 
ately contour maps of the interaction between two of the ions at con- 
stant levels of the third. Until data are forthcoming for the construc- 
tion, even approximately, of such a solid, effects of the three ions are 
insufficiently known and still less understood; clearly it must be an 
objective of nutritional research to obtain the necessary data from 
representative plant types. The principle may of course be extended 
to include into one orthogonal scheme as many ions, both positive and 
negative, as necessary. 

The three-salt technique extensively used in nutrition experi- 
ments has been developed along lines which allow a “triangular lay- 
out” such that the cations are virtually constant, while allowing full 
variation in the anions, or vice versa. The method was first described 
by Hamner (51) and has been used in several of the investigations 
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reported here and in the review of last year (32, 33, 52, 53). If three 
anions are combined factorially with three cations, nine salts are ob- 
tained: say the nitrates, phosphates, and sulphates of potassium, cal- 
cium, and magnesium. By combining the three nitrates, one of the 
solutions necessary for the “anion triangle” is obtained ; the other two 
are similarly compounded from the phosphates and sulphates respec- 
tively. These solutions occupy the apices of the triangle and by suit- 
ably mixing them the remainder of the triangle may be laid out in the 
usual manner. By grouping and treating similarly the cations in the 
original salts a “cation triangle” is obtained over which the anions 
are constant. Clearly the method could be extended, and, for in- 
stance, from four anions and four cations two tetrahedra could be 
erected, all of whose sections would be anion or cation triangles. 

The method is very elegant and attractive, but before being widely 
adopted its limitations should be considered and weighed against those 
of other possible arrangements, the most generally useful of which is 
undoubtedly the factorial. While the claim is readily admitted that in 
these triangular arrangements the only variable constituents of the 
solutions are those under study, yet in culture solutions no single ion 
can be varied alone, hence uncertainty must always exist as to the 
manner in which the resultant effects on the plant should be appor- 
tioned among these experimental factors. The very effects it is de- 
sired to measure are confounded, unless indeed the fallacious assump- 
tion is made that these effects are confined to the relative concentra- 
tions of the elements, a matter which has already received attention. 
This difficulty is met in all work involving the triangular design. In 
factorial experiments, on the other hand, an extra ion must be added 
to the system in varying quantity; there is here no confusion among 
the effects of the ions under investigation, though some may exist 
between these effects and that of the “balancing ion.” A certain 
amount of latitude exists in the choice of this ion, however, and of the 
concentration range over which its variability falls; a judicious choice 
will usually ensure minimal confusion. With due regard to the limita- 
tions of the two methods the advantage undoubtedly lies with the 
factorial design. 

Linked with the objections already raised to triangular arrange- 
ments is the overriding consideration that no statistical assessment is 
possible either of general effects of the ions under study or of their 
interaction effects with others. Moreover, the subdivision of the in- 
vestigation into two independent parts, represented by the anion and 
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cation triangles, precludes any study of “interaction” phenomena be- 
tween the anions and cations. The desirability of statistical estimation 
was appreciated by Hamner et al. (52), who treated one of their ex- 
periments as randomised blocks. An accurate estimate of error was 
available, and by its use differences were readily demonstrable among 
the eighty-six treatment degrees of freedom. But further analysis 
along these lines was impossible, and effects of the individual ions 
could be apportioned only by inspection. Concerning interactions, 
Lyon et al. (53) state: 

The interaction of certain ions is obvious. Thus, at concentrations of calcium 
of 5.7 milliequivalents, greater fruitfulness resulted when potassium was rela- 
tively low and magnesium relatively high. Other examples could be cited... . 
Interaction as generally understood would refer to a difference in re- 
sponse to a given amount of potassium at different magnesium levels, 
and not to effects of variation in the relative concentrations. Clearly 
when the sum of the two nutrients is constant no information of this 
kind is available, and it is impossible to determine from the figures 
alone whether the observed differences are due to either of the vari- 
ables alone, to simple summations of unknown effects of both, or 
finally to interaction between the two factors. Herein lies the great 
weakness of such designs. From a factorial experiment, on the con- 
trary, main effects of the ions and all their interactions may be directly 
stated and assessed. Neither can the methods of correlation be satis- 
factorily used with triangular arrangements. Thus in the cation 
triangle, Lyon et al. (53) correlated the percentage of diseased fruit 
with calcium supply, obtaining a highly significant relationship. Since, 
however, calcium supply is by the design completely correlated with 
the sum of the other two cations, disease is just as closely related to 
this sum as to calcium. While there may be other reasons for the 
belief that the primary relationship is with calcium, without assump- 
tions that may or may not be justified there is no means of determin- 
ing this from the data. 

In this review criticism has been levelled against the designs of 
some experiments and the mode of interpretation of the results ob- 
tained. In view of the importance of the issues this attitude is neces- 
sary, since however fundamental the aim of the investigation, and 
however carefully the experiment is conducted, the value of the work 
depends finally on the amount and reliability of the information con- 
tributed, and this is largely determined by the adequacy of the experi- 
mental design, together with statistical confirmation of the results. 
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GROWTH-REGULATING SUBSTANCES IN PLANTS 


By J. vAN OVERBEEK 
Institute of Tropical Agriculture, Mayagiiez, Puerto Rico 


Auxins have been made the main topic of this discussion in which 
the reviewer has attempted to be informative rather than compre- 
hensive. Papers have been selected from those which have appeared 
since the last review on auxins in this publication in 1939 (1). The 
subject has been divided into four parts: (a) terminology; (b) the 
different forms of auxin and their analysis; (c) the action of auxin; 
and (d) practical aspects. 


TERMINOLOGY 


Phytohormone.—Our increased knowledge in the field of growth- 
regulating substances has made it necessary to redefine our terms. 
Some terms such as “plant hormone” already have acquired through 
usage a meaning different from that which was originally intended. 
Such changes, which naturally occur, have to be sanctioned by general 
agreement in order to avoid confusion. 

The term phytohormone or plant hormone is used in at least two 
different senses: (a) in its restricted sense as a naturally occurring 
correlation carrier, “a hormone is a substance which, being produced 
in any one part of the organism, is transferred to another part and there 
influences a specific physiological process” (2); and (b) in a broad 
sense (3, 4), “. . . . growth-regulating substances generally called 
plant hormones ....” (3). According to the first interpretation 
the convenient term phytohormone cannot be applied to many syn- 
thetic substances which have not been shown to be plant products, 
yet have a physiological activity similar to that of the natural sub- 
stance. Thus, naphthaleneacetic acid would not be a hormone, where- 
as indoleacetic acid might be classified as such. In addition it is very 
difficult to decide whether or not a substance is naturally occurring. 
For instance, indoleacetic acid which was long considered to be absent 
in higher plants has now been conclusively demonstrated to be present 
(5, 6). 

Clearly the term phytohormone, in its restricted sense, has become 
impractical. However, since the term is descriptive (literally meaning 
activator) and brief, it should not be dropped from the literature as 
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Schopfer (7) suggests, but the reviewer would be in favor of rede- 
fining the term and making it synonymous with growth-regulating 
substances, as is already being widely done. In this form a phyto- 
hormone, might be defined as an organic substance, other than the 
traditionally recognized energy-supplying substances, which regulates 
physiological functions in plants. This definition includes synthetic 
as well as natural substances, “vitamins” as well as “hormones,” 
growth inhibitors as well as growth promoters. It includes also “local 
activators” such as wound hormones as well as typical “correlation 
carriers’”—substances which are produced in one part and act in 
another—such as auxins. 

Often it is assumed that phytohormones act in minute amounts 
and concentrations. Although this is often the case, there are ex- 
ceptions. For instance traumatic acid, a wound hormone of plants, 
has a detectable activity at a concentration of 10 p.p.m. and a maximal 
response at concentrations ten to twenty times higher (8). On the 
other hand, it is known that sugar cane will take up a maximal amount 
of phosphate when the phosphate concentration in the nutrient is as low 
as 1 p.p.m. P.O; per 1. (9). Hence for maximal response the macro- 
nutrient phosphate is required in 100 times lower concentrations than 
the hormone traumatic acid. For similar reasons Williams (10) has 
dropped the term “small amounts” from the definition of vitamin. 
Ascorbic acid, one of the earliest recognized vitamins, appears to be 
necessary in the diet in amounts of the same order of magnitude as 
calcium. 

Hormone, vitamin, nutrilite—In the earlier days of research on 
vitamins and hormones these two groups of substances were seem- 
ingly very different. Vitamins were classified as accessory nutrients, 
hence exogenous substances. Hormones by contrast were endogenous 
substances. Recently, however, it has become clear that some vitamins 
function as coenzymes’ and at the same time can be considered hor- 
mones. Moreover, one and the same substance may be a hormone for 
one organism and a vitamin for another (11, 12). Clearly then, the 
actual source of a substance is of no value for classification (7). 
However, Schopfer (7) still attempts to distinguish between growth 
factors of vitamin nature and those of hormonal nature, the dis- 
tinction being that the vitamins act on the intermediate metabolism 

1 For a general discussion see (7). For thiamin involved in reactions other 


than decarboxylation of pyruvates see (31), and for a possible role of biotin as a 
coenzyme see (30). 
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(e.g., thiamin), while the hormones, in the final analysis, act speci- 
fically on the morphology of the organism (e.g., auxin). But this 
classification also may not long survive, because according to Com- 
moner & Thimann (13) auxins are involved in respiration, perhaps 
as coenzymes (11, 14, 15). Hence auxins which are cited as examples 
of hormones by Schopfer would be involved in intermediate metabo- 
lism. In addition the reviewer is not convinced that a fundamental 
difference exists between a root growing in vitro under influence of 
thiamin and an Avena coleoptile elongating under the influence of 
auxin. In the final analysis both factors are acting on the morphology 
of the organs involved. 

Williams (10) defines vitamins as “nutritionally essential organic 
substances other than the traditionally well recognized proteins, lipides 
and carbohydrates and their constituent parts.” This definition is 
applicable to the field of animal nutrition for which the term vitamin 
was originally proposed. Earlier Williams (16) proposed the term 
nutrilites, the use of which was intended to include plants as well, 
in the following words: “We may then define a nutrilite as a sub- 
stance other than the well recognized nutrients, which functions in 
small amounts in the nutrition of organisms.” Later (10) Williams 
dropped the term “small amounts,” but Schopfer (7) adheres to it in 
his definition of vitamin. 

An interesting observation was made by Doudoroff (17) which has 
a bearing upon the determination of nutritionally essential substances. 
In his studies on the nutrition of Pasteurella pestis it was found that 
when leucine was present in the medium, the addition of isoleucine 
or valine was necessary. Yet neither of these substances appeared 
necessary when leucine was omitted from the medium. Thus the 
“elimination method” which is usually employed for finding minimum 
nutritional requirements has its dangers, because there seem to be 
cases in which the elimination of a constituent prevents growth, not 
because it is indispensable, but because it counteracts the toxic effect 
of another substance in the mixture. A similar case is known in 
mineral nutrition also. Liebig, Vanselow & Chapman (18) found 
that in citrus plants aluminum was necessary only when toxic amounts 
of copper were present in the nutrient solution. With copper present 
in amounts below the toxic level aluminum was without effect. 

Auxin.—This term is a generic name for those substances which 
bring about growth by elongation as measured by the Avena test. 
Hence naturally-occurring as well as synthetic substances may be 
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auxins as long as they show activity in this test. As such this term 
is much more useful than the term phytohormone in the restricted 
sense. Perhaps the term auxin is the most precisely defined term in 
the field. However, this does not necessarily make it entirely satis- 
factory. It so happened that the definition was made before more 
suitable tests for elongation (19, 20, 21, 22) were developed and hence 
the term auxin is not entirely synonymous with elongation-controlling 
substance, as might be desirable. 

Since auxins have been shown to have physiological activity other 
than the control of elongation, such as for instance the production of 
parthenocarpic fruit, there is danger that the term auxin will be carried 
over to substances which produce parthenocarpic fruit but which do 
not react in the Avena test. Such a substance is naphthoxyacetic acid, 
(23 to 26) which, together with a score of other substances, was 
tested by Gustafson (27) in seven different tests. Naphthoxyacetic 
acid gave the best activity of all substances tested for parthenocarpy, 
but it failed to react in the Avena test. Neither did it react in the de- 
seeded Avena test (28). Hence the substance is not an auxin, but it 
is a growth-regulating substance and a “phytohormone” if one accepts 
the term in its broad sense as outlined above. 

Terms such as growth-regulating substance and growth factor are 
general terms and self explanatory. The expressions growth substance 
and growth hormone are often used as synonyms for auxin. In 
analogy with the term isomer, the term isotel (from the Greek, “same 
purpose”) has been proposed for chemically distinct substances which 
perform the same function (29). Vitamer is a similar term but re- 
stricted to substances replacing vitamins (30). 


Forms oF AUXIN IN PLANTS AND THEIR ANALYSIS 


Auxins occur in plants in a variety of forms and combinations. 
During a discussion at the Symposium on Hormones at Cold Spring 
Harbor in 1942 Skoog (32) summarized the present status of this 
problem. He envisaged auxins occurring in the plant 


. as existing in three forms: 1) bound inactive auxin, 2) an active auxin 
complex and 3) free auxin in equilibrium with the first two forms. The bound 
auxin is evidently of two types: 1) the so-called precursor existing especially in 
seeds and other storage organs. This auxin is liberated in free form by hydrolysis 
at alkaline pH, by heat, by the action of ether, etc. 2) A complex present in 
leaves and probably in green tissues generally. ... . Its behavior indicates it to 
be a protein complex. 
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Closely connected with these different types of auxin are the 
various techniques by which auxin is extracted from plant materials. 
The chemist extracting material is primarily interested in a good 
yield, the physiologist on the other hand wants to know what the 
extracted substance represents in the living plant. For this reason 
various techniques have been devised, which the reviewer has ventured 
to group together in a single scheme (Table I), in the hope that it 
might show how they are related to one another. The existence of 
endosperm precursor, of a proteinaceous auxin complex in leaves, and 
of free auxin has been conclusively demonstrated. There is reason to 
expect a fourth form of auxin, an active auxin complex referred to as 
“bound auxin” by Went & Thimann (2), although the properties 
ascribed to it (2, 33) are highly speculative. 





TABLE I 
Forms OF AUXIN AND THEIR ANALYSIS 

ENDOSPERM PRECURSOR ) 

(inactive, nonprotein; } ~____>____ 

wheat, corn, coconut) ACTIVE 

AUXIN 

LEAF PRECURSOR + FREE AUXIN «+ —- ?--4 COMPLEX 

(inactive, protein; spin- eee, eee (“bound 

ach, Lemmi, tobacco,> —__._...____..., auxin”) 

Ulva, green material in 

general, coleoptiles ?) 





Methods for complete Methods for complete Methods for the exclusive 


auxin extraction of ma- auxin extraction of ma- extraction of free aux- 
terial containing endo- terial containing leaf in: 
sperm precursor : precursor : 
(a) hydrolysis by alkali, (a) proteolytic enzymes (a) ether extraction of 
heat, etc. (5, 6, 34, 35) (39, 48, 49) heat-treated material 
(46, 48) 
(b) human digestion (6) (b) wet ether extraction (b) short period ether ex- 
of long duration (39, traction of coleoptiles 
46, 48) (48, 61) 
(c) ether treatment of co- (c) exhaustive diffusion (c) short period cold wa- 
conut milk (44). of coleoptile tips (61). ter extraction (35). 


How much justification there is for distinguishing sharply between 
endosperm precursor and leaf precursor, is a matter which will be 
decided by future research. The reason for this distinction lies mainly 
in the different ways in which they yield active auxin. The endosperm 
precursor according to Avery et al. (34 to 38) and Haagen-Smit et al. 
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(5, 6) yields auxin readily upon hydrolysis with alkali, whereas ac- 
cording to Thimann, Skoog & Byer (39), the leaf precursor yields 
auxin upon digestion with proteolytic enzymes and not when treated 
with alkali. However, recently Gordon & Wildman (40) have shown 
that considerably greater yields of auxin can be obtained from cyto- 
plasmic leaf proteins of spinach by hydrolysis with alkali than by 
enzymatic digestion. Moreover, Haagen-Smit et al. (6) reported some 
auxin release by enzymatic digestion from endosperm material. It may 
very well be, therefore, that the distinction between the two classes of 
precursors is not as definite as one might conclude from the diagram. 

Endosperm precursors.—It has been known for some time (41, 
42, 43) that endosperm of maize and other cereals yields considerable 
amounts of auxin when extracted with water, but little or none when 
extracted with organic solvents. Extensive investigations along this 
line have been carried out by Avery et al. (34 to 38), and by Haagen- 
Smit et al. (5, 6) and the following general conclusions can be drawn 
from the work of these two groups. (a) The auxin precursor of the 
endosperm can be readily hydrolyzed into free (i.e., active) auxin. 
This can be most effectively accomplished by keeping the extract at 
pH 10. Avery, Berger & Shalucha demonstrated that at this pH 
hydrolysis goes to completion when the extract is boiled for only 
one minute (35). (6) The precursor is not soluble in ether or chloro- 
form but is readily soluble in water, ethyl alcohol, and methyl alcohol. 
It cannot be a very large molecule since it passes readily through a 
cellophane dialyzing membrane (35). (c) The end product of hy- 
drolysis by means of alkali is largely indoleacetic acid which was 
obtained in crystalline form (5, 6). No active auxin of the type of 
auxin-a was found, which was to be expected since this auxin is not 
stable at alkaline pH. However, the presence of pseudoauxin-a was 
reported in corn meal (6), while an alkali-labile auxin was found in 
wheat (37). 

Very high auxin yields were obtained from wheat flour which was 
eaten and the auxin recovered in the urine (5, 6). The auxin yield 
obtained by this method was 6.9 mg. indoleacetic acid equivalents 
per kg. of wheat. This compared favorably with the yield obtained 
by hydrolysis in vitro at pH 10.5 which yielded 6.96 mg. indoleacetic 
acid equivalents per kg. of wheat. 

In coconut milk an auxin precursor has been found (44) which 
has many properties of the precursors just described. It is water 
soluble, is hydrolyzed at alkaline pH and by autoclaving, and in addi- 
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tion passes through a cellophane dialyzing membrane and must, there- 
fore, have a fairly small molecular size. The coconut precursor reacts 
with ether by quickly yielding large amounts of free auxin. An agar 
block soaked in fresh coconut milk gave a curvature of only 0.6° in 
the Avena test. After the milk was shaken with ether, and the ether 
fraction taken up in a volume of water equal to the original volume, 
agar blocks soaked in this solution gave a curvature of 21.5°—a 
thirty-five-fold increase. 

Nonendosperm precursors——Soon after auxin extraction methods 
were used for plant physiological investigations, it was found that plant 
material continued to give off auxin during extraction with solvents 
such as ether (39, 45 to 48). Helianthus seeds, tomato seedlings, 
Lemna fronds, Ulva fronds, etc., continued to yield auxin for many 
months after the extraction was started. Neither grinding nor hy- 
drolysis with acid or alkali (39, 48) could speed up the procedure. 
Skoog & Thimann (47) showed that treatment with chymotrypsin 
greatly increased the auxin yield from Lemna fronds as well as to- 
bacco leaves (39) and suggested that the auxin is released from a 
protein complex. Wildman & Gordon (49) actually isolated leaf 
proteins from spinach which yielded auxin upon digestion with pro- 
teolytic enzymes, while no auxin was extracted when these proteins 
were treated with ether. However, in a later paper (40) they found 
that treatment with alkali will yield auxin from these proteins, as well 
as from tryptophane. Thus, it was conclusively demonstrated that 
auxin-protein complexes occur which contain auxin. 

Thimann & Skoog (39, 48) carried out extensive investigations 
on the extraction of auxin from Lemna fronds. They found that it 
takes approximately sixty days of continuous ether extraction to ex- 
tract the auxin completely. Boiling stopped the process and dried 
material failed to yield any auxin, which finding is in agreement with 
results obtained by Link et al. (50) and by Gustafson (46). The 
reason that auxin cannot be extracted from dry material may be both 
physical and chemical (48). Dried material will again yield auxin 
upon wetting. When dried over Na,SQ, in the cold no reduction in 
auxin yield is observed when the dried material is wetted before 
extraction, but when dried in hot air the final yield is considerably 
reduced. Both Went and Cooper (unpublished) have observed that 
the auxin yield of mature leaves upon extraction with ether is con- 
siderably increased when the leaves are dried. Went (personal com- 
munication) believes this to be due to reduced auxin destruction. 
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Thimann, Skoog & Byer (39), on the other hand, attribute this to 
enzymatic liberation of auxin during the process of slow drying. They 
found that when tomato leaves are frozen and dried quickly, the auxin 
yield is not increased by drying. Depending upon the conditions of 
drying, both auxin destruction and enzymatic liberation might be in- 
volved. 

Tryptophane is a precursor which may be discussed under this 
heading. Skoog (51) demonstrated that it showed no activity in the 
“standard” Avena test but that it responded in the “deseeded test,” 
which is attributed to a slow oxidative deamination into indoleacetic 
acid in the test plant. The growth reactions which Kraus (52) re- 
ported with tryptophane in bean plants are also very likely due to the 
same slow release of indoleacetic acid. The rapid activity on Avena 
coleoptiles of tryptophane-lanolin mixtures reported by Stewart (53) 
may be attributable to partial transformation into auxins during 
the preparation of the mixtures which involved prolonged heating. 
Gordon & Wildman (40) demonstrated the instability of tryptophane 
under such conditions. 

Mitchell & Stewart (54) compared growth responses caused by 
naphthaleneacetic acid and its amide in the pea test, on Avena coleop- 
tiles and on other objects and found that in general the two substances 
cause the same response, but that the amide is slower. Also this may 
be attributable to a slow conversion of the amide into the acid. 

Another precursor, isolated from leafy material, is a preparation 
of a growth inhibitor (55, 56) which was found to liberate auxin 
upon hydrolysis or when placed in contact with cut plant surfaces. 

Active auxin complex.—Since it is reasonable to assume that free 
auxin has to associate with some cell component in order to cause 
elongation, the concept of “bound auxin,” in a sense different from 
precursor, has been in the minds of many investigators.’ It has been 
discussed by Went & Thimann (2) and recently by Thimann (15), 
Skoog et al. (14), and by Went who elaborated on the properties it 
might have (33). When Commoner & Thimann (13) found that 
auxin increased the rate of respiration of plant tissue in the presence 


2 Although the theory that auxin acts by combining chemically with other cell 
components is widely adhered to, the possibility remains that under certain con- 
ditions the action of auxin might be of a physicochemical nature, such as affecting 
interfacial tensions in the living system. Such action was proposed in one of the 
many attempts to explain the role of auxin in bud inhibition (57). Ascorbic acid 
is often thought of as a physicochemical agent rather than as a coenzyme (7, 58). 
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of malate, the concept received new impetus. It was thought that per- 
haps auxin might be a coenzyme for the four-carbon acid respiratory 
cycle (15). This would make “bound auxin” a protein-auxin complex. 

The protein-auxin of Wildman & Gordon (49) does not yield 
auxin upon ether treatment, whereas Lemna fronds, which according 
to Skoog & Thimann (47) contain an auxin-protein complex, yield 
auxin only slowly when extracted with ether. The “bound auxin” on 
the other hand is alleged (2, 33) to give off its auxin readily to or- 
ganic solvents. The only type of bound auxin, so far known, which 
yields free auxin readily when extracted with ether is the one oc- 
curring in coconut milk (44). This form, however, passes through a 
dialyzing membrane and therefore must have a smaller molecular size 
than the typical proteins. 

Before trying to match the properties of “bound auxin” with those 
of the better known forms of auxin, one would do well to know if the 
properties assigned to it rest on a fairly secure basis, as far as this is 
possible for a hypothetical compound. When one investigates the 
property assigned to “bound auxin” (2, 33) of yielding auxin upon 
treatment with ether, one finds that the evidence is negative. Thimann 
(59) found that the basal regions of Avena seedlings yielded auxin by 
chloroform extraction, but not by diffusion into agar. This was con- 
strued as “evidence that the auxin in the plant is present in at least 
two different forms: the free moving auxin which can be collected by 
the diffusion method, and the bound auxin, which is obtained, together 
with the free auxin, by extraction of the tissues” (2, p. 68). In the 
light of later investigations, however, this evidence is much weaker 
than it originally appeared. (a) Later workers using more sensitive 
techniques did obtain auxin by diffusion from coleoptile sections (51, 
60). (6) Auxin destruction at cut surfaces of sections cut from basal 
regions of seedlings is considerably higher than in those cut from 
apical regions (42, 43). (c) According to a recent finding, the possi- 
bility exists that no measurable amount of auxin is given off by dif- 
fusion unless new molecules are present (by production or applica- 
tion) to “push” the existing ones out of the section (61). 

The extraction of free auxin——The extraction method was origi- 
nally employed by physiologists to give information regarding the 
actual auxin concentration in the plant, whereas the diffusion method 
was thought to yield data on the production of auxin. However, it 
seems that only in coleoptiles can auxin be extracted completely in a 
short period of time (48, 61). This auxin probably represents the 
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active auxin in the plant at the time of extraction. Some caution should 
be observed in accepting this conclusion since conversion may occur 
during extraction and since in coconut milk an auxin precursor is 
known which yields active auxin readily upon extraction with ether. 

In plant materials other than coleoptiles, determinations of active 
auxin may be possible only in heated material. Here the extraction 
yields what was initially free auxin, together with any auxin set free 
during the heating of the tissue (48). A method, which appears to be 
generally applicable for the determination of free auxin in plant ma- 
terials, is the one devised by Gustafson (46). According to this method 
the tissue is finely ground in dry ice to prevent destruction of the 
auxin. Next, the powdered tissue is immediately boiled for one minute 
to prevent activation of the precursor. This was later confirmed (39). 
The water as well as the residual plant material is shaken with ether 
to remove the active auxin. In Jris ovules, all the auxin was found in 
the water fraction. 

The relation of free auxin to precursor.—In all tissue so far in- 
vestigated, including storage tissues, an amount of free auxin is found 
which is many times smaller than the amount of auxin which can be 
activated from precursor present in these tissues. Most data indicate 
a precursor content of about 90 to 95 per cent of the total amount of 
auxin potentially available and hence an active auxin content of 5 to 
10 per cent. Since, in determinations of free auxin, there is always 
the danger of activation of the precursor, 5 to 10 per cent active auxin 
in tissues is likely to be a maximal figure. It will be clear then that 
most tissues have a considerable store of reserve auxin, the physiolog- 
ical significance of which for tumor and fruit development will be 
discussed in a later section. 

The methods by which the above figures were computed were dif- 
ferent for various tissues. The extreme coleoptile tip of maize was 
used for a study of the total amount of auxin that could be obtained 
by diffusion from the living tip as compared with the total amount 
that could be extracted with ether (61). Such tips continued to give 
off auxin for a period of twelve hours. The total amount of auxin 
collected during this period was some twelve times larger than the 
total amount obtained from fresh tips by ether extraction. Tips which 
had stopped giving off auxin by diffusion were still found to yield 
approximately as much auxin by extraction as fresh tips. This re- 
sidual auxin might be “bound auxin” in the sense of Went & Thimann. 
However, as an alternative explanation it was suggested that auxin is 





«' QD wt bate 


o 





GROWTH-REGULATING SUBSTANCES IN PLANTS 641 


only given off by diffusion into agar when new active auxin molecules 
are released from precursor. These newly formed molecules push the 
existing ones along their path of transport and out of the tip into the 
agar block. When the supply of precursor in the tip is exhausted and 
no more new auxin molecules are formed, the last ones formed are 
consequently trapped between their place of origin and the cut surface. 
The auxin collected by complete diffusion plus that left behind and 
recovered by extraction is the total potential auxin content of the 
coleoptile tip. Of this amount only about 8 per cent is present as 
active auxin in a freshly cut tip. The concentration of this active auxin 
was found to be 335 ug. indoleacetic acid equivalents per kg. fresh 
weight of tips, which is a high figure since a concentration of 100 ug. 
per 1. gives a maximum angle in the Avena test. Somewhat similar 
figures for auxin content were obtained for Avena coleoptiles (61). 

In the previously mentioned investigations of Thimann & Skoog 
(48), Lemna leaves were exhaustively extracted with ether, a pro- 
cedure which took over sixty days to reach completion. In other series, 
leaves were boiled and then extracted with ether. The first procedure 
should yield data for total potential auxin content; the second pro- 
cedure might yield the approximate amount of active auxin present at 
the time of extraction. A calculation from their data by the reviewer 
shows an active auxin content of about 3 per cent and precursor con- 
tent of 97 per cent of the total potential amount of auxin in Lemna 
fronds. 

From a comparison of water extraction of maize endosperm of 
short duration at low temperature and low pH with complete extrac- 
tion by hydrolysis with alkali, Avery, Berger & Shalucha (35) drew 
the conclusion that 10 per cent is present as free auxin and 90 per 
cent as precursor. They also (38) found that this ratio held for six 
different types of maize endosperm (brittle, waxy, floury, sugary, 
popcorn, and Canada flint). The precursor content varied only be- 
tween 87 and 92 per cent of the total potential auxin, although the 
absolute amounts of total auxin varied between 132 (sugary) and 32 
(popcorn) ug. of indoleacetic acid per gm. dry weight. 

Hydrolyzed and ether-treated coconut milk (44) could be made to 
yield approximately fifty times more auxin than was found to be 
present in the fresh state. Hence here too we find 2 per cent free auxin 
against 98 per cent precursor. 

The chemical nature of free auxin.—For many years it was thought 
that the native auxin of higher plants was auxin-a or -b or their de- 











642 VAN OVERBEEK 


rivatives, while the lower plants produced indoleacetic acid. Recent 
investigations necessitate a revision of this thesis. The most conclusive 
demonstration of indoleacetic acid in higher plants was the isolation 
of the crystalline compound from corn meal by Haagen-Smit, Leech & 
Bergren (5). In addition a variety of investigations on other plant 
material pointed to the presence of indoleacetic acid in higher plants. 
Diffusion coefficient determinations and acid-alkali sensitivity tests 
showed that the auxin of tomato leaves (62) and of spinach proteins 
(49), the auxin released from the inhibitor of radish cotyledons (work 
by Redemann, reported in 5), and the auxin of the giant kelp Macro- 
cystis (63) all resembled indoleacetic acid rather than auxin-a. The 
only exception (in recent years) was found in the auxin of isolated 
pea roots growing in vitro, which showed the characteristics of auxin-a 
(64). In the work on diffusion coefficients of auxins it was reported 
that the values came out somewhat higher (consequently giving a 
lower molecular weight) than could be expected for pure indoleacetic 
acid (49, 63). The reason for this might be a slight depressing effect 
of relatively slow-diffusing inhibitors present in the impure prepara- 
tions used. This would affect the apparent distribution of the auxin in 
the diffusion test. 

Units——Since indoleacetic acid has now been established as a 
widely occurring auxin in plant tissues and since this acid is easily 
obtainable in the pure form, it seems that auxin activity of extracts 
should be expressed in terms of indoleacetic acid (38, 46, 63, 65). The 
continued use of other arbitrary units no longer seems justifiable in 
the light of our present knowledge. 


AcTION OF AUXIN 


Effect of auxin on respiration, elongation, and cyclosis—During 
recent years evidence has accumulated which shows that auxin is in- 
volved in the process of respiration. Commoner & Thimann (13, 15) 
found that when coleoptile sections, starved by soaking in water, were 
treated with either malic or fumaric acid, the addition of auxin pro- 
duced a marked increase in the respiratory rate. Since the presence of 
the 4-carbon acids was necessary to evoke this reaction, it was con- 
cluded that auxin catalyzes a respiratory system involving these acids. 
The increased respiration was found to parallel the increase in elonga- 
tion of coleoptile sections. In addition, low concentrations of the de- 
hydrogenase inhibitor iodoacetate was found to inhibit growth com- 
pletely, while it lowered respiration only by 10 per cent. Hence it is 
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possible that the respiratory system involving auxin accounts for only 
a small part of the total respiration, yet it may control a substantial 
part of the growth process. 

Further evidence of stimulation of respiration by auxin was given 
in a preliminary report by Berger & Avery (65a), who showed that 
the activity of alcohol dehydrogenase and malic dehydrogenase of 
coleoptile sections was increased respectively 200 and 150 per cent 
when the sections were treated with relatively high concentrations 
(10 mg. per 1.) of indoleacetic acid. Previous attempts to find such 
stimulations in cell free extracts had met with failure (65b). In view 
of their findings that alcohol dehydrogenase is more sensitive to 
iodoacetate than malic dehydrogenase, they suggest that alcohol dehy- 
drogenase activity is closely concerned with control of growth and 
that auxin controls growth by virtue of activating this enzyme. 

It had earlier been found by Sweeney & Thimann that a close 
parallel exists between the acceleration of the protoplasmic streaming 
in the Avena coleoptile on the one hand and respiration and growth 
on the other. They (66, 67) developed an elegant apparatus for con- 
tinuous recording of the rate of streaming and demonstrated that 
auxin will only produce an acceleration of the rate of streaming if 
malate is present. The basal rate of streaming is not affected by auxin. 
Iodoacetate was found to affect the acceleration of streaming in a 
fashion similar to its effect on elongation and respiration, which is 
further evidence for a parallelism between the effects of auxin on 
streaming, elongation, and respiration, all of which are apparently 
mediated by the 4-carbon acid system. The streaming in root hairs 
of Avena is also stimulated by indoleacetic acid, but at concentrations 
10,000 times lower (10~* to 10-5 mg. per 1.) than for coleoptiles (68). 
Northern (69) concluded from measurements of the displacement of 
chloroplasts and starch grains after centrifuging that applications of 
auxins reduce the protoplasmic viscosity in bean stems and petioles. 
This may be correlated with the acceleration of protoplasmic stream- 
ing. 

Auxin and water uptake.—Since water uptake is the driving force 
of elongation, Commoner et al. (70) attempted to investigate further 
the mechanism of elongation by studying the water uptake of potato 
tissues. Such tissues show an increased water uptake under the in- 
fluence of auxin, which was first clearly demonstrated by Reinders 
(71). This increased water uptake involves oxygen and since the 
auxin-treated tissues at the end of the experiment had a lower dry 
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weight, which was not due to exosmosis of sugar, it was concluded 
that the auxin promotes the respiration as well as the water intake 
(71). It has been shown that a variety of tissues and organs show an 
increased water content when treated with auxin (72, 73, 74). 

Commoner et al. investigated potato tissues in 0.2 M sucrose so- 
lution and found that after 160 hours the sections had lost 30 per 
cent in wet weight. In the presence of indoleacetic acid, however, no 
water loss occurred, while if in addition to indoleacetic acid, potas- 
sium chloride or fumarate was added a 10 per cent weight increase 
was recorded. This was interpreted to indicate that “. . . . the auxin- 
four-carbon acid system regulates the active absorption of water, and 
so causes cell elongation. This effect is probably due to the influence 
of the auxin system on the absorption of salt by plant cells.” This con- 
clusion seems rather improbable since Reinders found the increased 
water uptake under influence of auxin to take place in distilled water. 
However, it is still possible that an increased osmotic pressure brought 
about by an increased hydrolysis of starch would cause the increased 
water uptake. Many instances are known where auxin has been shown 
to promote the hydrolysis of starch (75 to 78) and suggestions toward 
its possible role in growth processes have been made (79). 

In view of the fundamental importance of the problem, experi- 
ments were undertaken (80) in order to investigate whether or not 
the increased water uptake of potato tissues is brought about by an 
increased osmotic pressure. The results showed that the expressed 
sap of auxin-treated tissues, which still were in the process of water 
uptake, had an osmotic pressure (determined cryoscopically) which 
was significantly lower, and not higher, than that of the untreated 
controls. This clearly indicates that the increased water uptake is not 
caused by an increased osmotic pressure of the cell sap. 

Two other alternatives are possible* to account for the increased 
water uptake of potato tissues under influence of auxin: (a) A de- 
creased wall pressure. This is a possibility because of the thin walls 
of the tissue involved. (b) An increase in nonosmotic water uptake. 
Such nonosmotic water uptake has been reported by Lyon (82) for 
potato tissue. It also occurs in tomato roots (83), and is also thought 


3 The pressure with which plant cells take up water may be expressed by the 
equation: S.P.= O.P.+ A.P.—W.P. In which S-.P. is the suction pressure of 
the cells, also referred to as D.P.D. or diffusion pressure deficit (81) ; O.P. is the 
osmotic pressure; A.P. is the “active” pressure (82, 83, 84) which has been added 
to the usual equation (81) ; W.P. is the wall pressure. 
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to be involved (Anderson, private communication) in the large water- 
absorbing power of young cotton bolls (84). The possibility exists 
that this nonosmotic water uptake is controlled by auxin. Skoog, 
Broyer & Grossenbacher (85) reported a stimulating effect of auxin 
on the rate of exudation of decapitated Helianthus grown in nutrient 
solution. Since on the one hand, auxin increases the amplitude of the 
diurnal periodicity of exudation (85) and, on the other hand, it has 
been demonstrated (83) that the nonosmotic component of the root 
pressure (and not the osmotic one) shows the diurnal periodicity, it is 
possible that auxin is involved in the nonosmotic water uptake of 
plants. However, direct evidence is lacking at present. If such an 
effect of auxin could be demonstrated, the possibility exists that it 
would operate coordinately with the lowering of the wall pressure 
(W.P.) in bringing about elongation of cells. 

Interaction between auxin and chemically related substances.— 
While analyzing the mechanism of the pea test, Went (20) discovered 
that its sensitivity to auxins was considerably increased by the action 
of substances chemically related to auxins but not active as such. This 
led to a considerable controversy as to the mechanism of this action 
and will be briefly reviewed because of its possible importance for the 
understanding of the growth process as a whole. 

When split pea stems are soaked in phenylbutyric acid or cyclo- 
hexaneacetic acid their growth is not increased over that of the con- 
trols. However, if these stems are subsequently treated with low con- 
centrations of indoleacetic acid, those pretreated with phenylbutyric 
acid or some other compounds showed a much greater auxin response 
than the nonpretreated controls. Went demonstrated that this process 
involves two separate reactions: (a) a conditioning of the split stem 
such as produced by phenylbutyric acid, called “preparatory reaction,” 
and (b) the elongation reaction itself. Phenylbutyric acid can only 
take part in reaction (a) and is inactive in reaction (b). Indoleacetic 
acid on the other hand is active in both reactions. Went for this reason 
called substances which will only react in reaction (a) “hemi-auxins.” 
Although indoleacetic acid can take part in both reactions, a higher 
concentration is required for reaction (a) than for reaction (b). In 
addition, reaction (a) was shown to be pH insensitive while reaction 
(b) is pH sensitive. Went therefore clearly demonstrated that in the 
elongation of split pea stems, pretreated with “hemi-auxins,” two sepa- 
rate reactions are involved. He concluded that the two reactions are 
chain reactions and that both reactions are part of the normal process 
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of elongation. In another paper (86) this idea was further expanded. 
“Hemi-auxins” were applied to the tip of intact Avena coleoptiles and 
after this pretreatment the plant was cut into sections which were left 
to elongate in an indoleacetic acid solution. It was found that the 
sections cut from the apical part of pretreated coleoptiles showed an 
increased elongation over those cut from the controls, whereas the 
sections cut from the basal regions usually showed an inhibition rela- 
tive to the controls. From this Went concluded that in reaction (a) 
the “hemi-auxins” (and by inference auxins as well) redistributed 
other growth factors, called elsewhere “calines” (87), and that in 
reaction (b) the auxins react with these other growth factors to give 
cell elongation. The inhibition of the sections cut from the lower 
regions of the coleoptile is explained as being due to a temporary 
shortage of the food factors which were moved to the apical regions 
under influence of the “hemi-auxins” employed in the pretreatment. 

Although Went demonstrated the presence of two separate reac- 
tions, it does not follow that these reactions are part of a chain reaction, 
since they might be two parallel reactions. In addition, the sensitizing 
reaction need not be a “preparatory reaction” of the regular process 
of elongation, but simply an auxin-sparing reaction caused by inacti- 
vation of destructive enzymes by the “hemi-auxins.” In other words 
interaction between auxins and other inactive but chemically related 
substances may be a question of competitive action. It is along such 
lines that Skoog et al. (14) criticized Went’s conclusions. They 
showed that when a mixture of phenylbutyric acid and indoleacetic 
acid is given to Avena coleoptiles, the action of the auxin is consider- 
ably inhibited by the presence of phenylbutyric acid. In experiments 
with coleoptile sections they found the same effect except that with 
relatively low concentrations of auxin and relatively high concentra- 
tions of phenylbutyric acid a growth-promoting effect was found com- 
parable (but smaller in magnitude) to the sensitizing effect described 
by Went (20) in the split pea stems. Skoog et al., however, explained 
the effect as being due to an auxin-sparing action of phenylbutyric 
acid. Since it was shown that phenylbutyric acid is readily transported 
in the Avena coleoptile (14), the possibility exists that the growth pro- 
motion in the apical regions of Avena coleoptiles pretreated with 
phenylbutyric acid, as well as the growth inhibition in the basal re- 
gions, are simply the result of different concentrations of phenylbutyric 
acid in the sections. According to a series of graphs presented by 
Skoog et al. (14, fig. 2), showing the interaction of various concen- 
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trations of phenylbutyric acid and indoleacetic acid on the elongation 
of sections of Avena coleoptiles, this explanation could be offered as 
an alternative to Went’s which involves a displacement of unknown 
growth factors moving under the influence of phenylbutyric acid. 

The reader will notice that the theory of Skoog e¢ al. has much in 
common with the theories which recently have been proposed to ex- 
plain the interaction of sulfanilamide and p-aminobenzoic acid. Ac- 
cording to Woods (87a) and Fildes (87b) the sulfanilamide exerts its 
bacteriostatic action by competing with p-aminobenzoic acid for an 
enzyme system that is essential for the growth of the susceptible or- 
ganisms. This theory has found considerable experimental support. 
Similar cases of competitive action have been reported for pantothenic 
acid and its analogues and also for tryptophane and some of its ana- 
logues. [For discussion see (58, 88, 89).] 

Skoog et al. (14) presented theoretical considerations concerning 
the mechanics of the interaction of different compounds with auxin 
activity, and of compounds chemically related to auxins but inactive 
as such. They based their considerations on the assumption that auxin 
acts as a coenzyme and as such has to combine with (a) the apoenzyme 
to form the active auxin complex, which was discussed above, and 
(b) the substrate. This requires that auxins must have two different 
types of chemical reactivity. Some substances (like phenylbutyric 
acid) have only the structure to match the apoenzyme, while lacking 
the structural requirements to react rapidly with the substrate, hence 
the inhibitory action of phenylbutyric acid. Other compounds will be 
highly reactive with the substrate but are lacking the structural re- 
quirements to combine with the apoenzyme. While finally some 
auxins have their reactive structures blocked. Although this way of 
presenting the action and interaction of auxin and auxin-like sub- 
stances is speculative, it nevertheless makes it possible to visualize, 
among other things, how a substance can act as an inhibitor and at 
the same time as an auxin precursor. Such substances exist and are 
discussed above. 

New synthetic growth regulators.—Since the last review on growth 
regulators was written (1) many more substances have been added to 
the already imposing list of synthetic growth regulators. Zimmerman 
& Hitchcock especially have been active in this field (24, 90, 91, 93, 
94,95). Naphthoxy compounds, substituted phenoxy compounds, and 
substituted benzoic acids are among the substances showing activity 
on the tomato stem, on root formation, on artificial parthenocarpy, 
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and on modification of developing plant organs. Although substances 
such as naphthoxyacetic acid show many of the effects of auxins, such 
as indoleacetic acid, they do not respond in the Avena test (27, 28). 
Naphthoxyacetic acid, therefore, is not an auxin. Why the substance 
causes stem curvature in the tomato stem and not in the Avena 
coleoptile is not known at present and should be investigated. It may 
be that the substance is not readily transported in the Avena coleoptile. 
Such substances have been reported (2). On the other hand it is pos- 
sible that substances such as naphthoxyacetic acid interact with the 
native auxins of the tomato stem in a manner such as was discussed 
in the previous section. The decapitated coleoptiles used in the Avena 
test contain very little native auxin and for this reason might not 
show these interactions. Gustafson (27) reported activity of 2,4-di- 
chlorophenoxypropionic acid in the Avena test. The comparable 
phenoxyacetic acid had no activity in this test, but it was highly active 
in inducing negative curvatures in the tomato stem (27, 91, 93). Zim- 
merman & Hitchcock (93) showed that introduction of the chlorine 
atom increased the:activity of the compound greatly. Phenoxyacetic 
acid itself has a relatively low activity, o-chlorophenoxy acetic acid 
is twenty times more active, p-chlorophenoxyacetic acid is eighty times 
more active, and 2,4-dichlorophenoxyacetic acid is 650 times more 
active than the unsubstituted phenoxyacetic acid. The 2,4-dichloro- 
phenoxyacetic acid is active in dilutions as low as indoleacetic acid in 
causing curvatures of the tomato stem, but the effective range of in- 
doleacetic acid is much wider than that of the phenoxy compound. A 
compound which is of considerable theoretical interest is 2-bromo-3- 
nitrobenzoic acid. It is reported to be active on the tomato stem (93) ; 
however, Went (personal communication) found it inactive in the 
Avena test. 

Interactions between auxin, ethylene chlorohydrin, and ethylene. 
Ethylene chlorohydrin is known as an effective agent for breaking dor- 
mancy of potatoes (96). The mechanism of this process has been in- 
vestigated by Michener (97), who found that the apical buds of the 
potato tuber prevent the lower ones from developing, exactly as in 
unmodified stems.* This apical dominance is destroyed by ethylene 





4 The literature on bud inhibition has been reviewed by Thimann (98). Subse- 
quent experiments supporting a theory of indirect action of auxin (diversion of 
“calines”) were published by Went (99). Experiments on isolated buds supporting 
the theory of direct action of auxin on the bud appeared in an article by Skoog 
(100). Snow (101), disagreeing with both, brought forward evidence for the 
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chlorohydrin treatment. Michener demonstrated that the reason for 
this is the destruction of auxin in the tuber. When auxin is applied 
to the apex of the tuber the lost apical dominance can be restored. 
This is in agreement with the findings of Guthrie (102) and Denny 
(103, 104) who found that the methyl ester of naphthaleneacetic acid 
is effective in keeping potatoes in the dormant state. 

The possibility exists that this increased auxin destruction is due 
to an increase in the catalase and peroxidase activity which was re- 
ported by Denny, Miller & Guthrie (105, 106) to occur in potato 
tissue as a result of ethylene chlorohydrin treatment. Similar cases 
have been reported in dwarf corn (43, 107), dwarf peas (108), and 
zinc deficiency (109) where an increase in activity of these enzymes 
has also been correlated with an increased auxin destruction. 

Other cases are known which suggest that ethylene and related 
compounds may lower the auxin level in the plant and thereby cause 
certain physiological effects. Abscission of leaves, fruits, and flowers 
has been shown to be under auxin control. Auxin applications will 
delay or prevent abscission (3, 92, 110). On the other hand ethylene 
is known as an agent which promotes abscission (112, 113). Just as 
in the case of the potato tubers, this effect may be due to a lowering 
of the auxin level by ethylene treatment. Another case of antagonistic 
action between auxin and ethylene is reported by Cooper (114), who 
found that the premature induction of flowering by ethylene may be 
nullified if the treatment is followed by an application of auxin.’ Cer- 
tainly, not all effects of ethylene and related compounds can be ex- 
plained by their effect on the auxin mechanism of the plant, but on 
the other hand some may be so explained. 

Development of galls and nodules.—Virulent strains of Phyto- 
monas tumefaciens produce not only galls but in addition the infected 
plants show all the signs of the presence of large amounts of auxin, 
such as epinasty, adventitious roots, bud inhibition, cambial activity, 
and delayed abscission (115). The presence of a high auxin content 
presence of an inhibiting hormone. It seems to the reviewer that much of the 


disagreement might be resolved, if a clearer distinction were made between the 
inhibition of the bud per se and its subsequent growth. 


5 Cooper found that one may distinguish between two periods in the pineapple 
in regard to flower differentiation. (a) About twenty to six weeks prior to normal 
fiower differentiation only ethylene will cause advanced flowering. Auxin applied 
by itself has no effect, but when applied following ethylene treatment it will nullify 
the effect of ethylene. (b) Ina period of not over six weeks prior to normal flower- 
ing not only ethylene but also auxin by itself will cause advanced flowering. 
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of the infected plants is further confirmed by direct auxin analysis. 
The capacity to increase the auxin concentration in the host plant 
apparently is not restricted to Phytomonas, but it also appears to be 
one of the earliest symptoms of Fusarium wilt (116). It may accom- 
pany the invasion of Rhizobium (117) and occurs after “invasion” of 
the style by pollen tubes (118). 

Locke, Riker & Duggar (62, 119) also showed that in peptone 
broth the virulent and the attenuated strain of Ph. tumefaciens, as 
well as Bacillus radiobacter, produced equal amounts of auxin. Thus, 
(a) auxin produced by the organism itself could not be responsible 
for its pathogenicity (119), and (6) the auxin found in abundance in 
plants infected with the virulent organism must be a product of the 
host plant itself (115). 

Locke, Riker & Duggar (115) also reported that a tomato stem 
which was inoculated with an attenuated strain of Ph. tumefaciens 
could be made to produce fairly large galls when the attenuated gall 
was treated with lanolin paste containing indoleacetic acid. However, 
the effect was not very pronounced. Braun & Laskaris (120) had 
considerably more success, perhaps because they used naphthalene- 
acetic acid, which they showed to be more effective than indolebutyric 
or indoleacetic acid. With attenuated strains of Ph. tumefaciens they 
obtained galls on decapitated tomato plants which resembled in many 
respects those produced by virulent strains. Their technique consisted 
of applying auxins a few days after inoculation with an attenuated 
strain. The auxins did not affect the virulence of the attenuated strain. 
They concluded from their observations that the production of crown 
galls involves two phases: (a) normal host cells are changed to tumor 
cells, which without further stimulation will not develop into neo- 
plastic growth, and (b) stimulation by auxin, which results in the 
tumor. 

According to this reasoning, then, the virulent strain differs from 
the attenuated one in that the latter lacks the power to induce ab- 
normal auxin formation by the host plant. Perhaps under influence 
of the virulent strain the equilibrium between auxin precursor and 
free auxin is shifted to the side of free auxin (see discussion in earlier 
section of this review). 

Cells changed by the crown gall organism into gall cells may have 
apparently undergone a permanent change. White & Braun (121, 
122) showed that tumors which were entirely bacteria-free continued 
to produce tumor cells exclusively when grown in vitro and that frag- 
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ments of such cultures produced big tumors when transplanted under 
the bark of plants. It is possible that substances produced by the 
parasite bring about this permanent change of normal cells into gall 
cells. Colchicine is an example of a substance capable of changing 
the genetic make-up of cells (123). Successful experiments of gall 
production by injection with extracts containing an active principle 
are rare, but Martin (124) reported that extracts of autoclaved leaf- 
hoppers and mealy bugs produced galls when injected into meriste- 
matic tissues of the stem of sugar cane. A comparison between plant 
and animal tumors was made by Levine (125). 

The role of auxin in the development of Rhizobium nodules on 
roots of legumes may be similar to that in crown galls. Thimann 
(117, 126) originated the thesis that the nodule arises as a direct 
result of the production of auxin by Rhizobium within the infected 
root. However, Wilson (127) pointed out that there is no reason 
to assume that auxin is the cause of root nodule formation, since 
Bacillus radiobacter, which frequently occurs in legume roots, pro- 
duces in vitro even more auxin than Rhizobium, yet it never produces 
nodules. Here also, auxin probably makes cells grow out after they 
are first changed under the influence of the Rhizobium. 

Tumors produced at the cut surface of decapitated young plants 
by the action of relatively high concentrations of auxin have been 
known for some time. The literature on this subject has been re- 
viewed by Palser (128), who also found that in Vicia the epidermis 
and outer cortical cells did not divide but enlarged, while the inner 
cortical cells, the endodermis, the cambium, parenchyma of xylem and 
phloem, the pith, and the rays became active and divided. In this 
species no roots or root primordia were formed at the swelling which 
is rather an exception. It was emphasized again that the degree and 
type of response to a growth substance varies with the species and 
also with the age of the plant. Polyploidy did occur but Palser believes 
that since such cells are known to occur spontaneously, they are not 
the result of indoleacetic acid treatment. The same holds for other 
cases of polyploidy ascribed to auxin (129 to 132). Polyploidy of 
Rhizobium nodules has been shown to be spontaneous also; the in- 
vading bacteria prefer tetraploid to diploid cells, which explains the 
correlation between Rhizobium-infected roots and tetraploidy (127). 

Went (87) showed that in pea seedlings no swelling occurs if the 
roots are removed and suggested that in addition to auxin, substances 
produced by the roots (“calines”) are necessary. However, Beal (77) 
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found that short stem sections of the bean produced swellings when 
auxin was applied, provided they were kept on White’s nutrient 
medium. If either sugar or nitrogen was left out of the nutrient, 
however, no response took place. Isolated sections kept on the com- 
plete nutrient medium responded the same as if they were left on the 
decapitated plant. The wonderful synthetic ability of plants, as com- 
pared to animals, was demonstrated by Spoehr (133), who showed 
that albino maize could be made to grow and produce ears on a diet 
of sucrose and minerals only. Additions of nutrilites and indoleacetic 
acid had no effect. The interrelations between sucrose and auxins for 
elongation in the absence of light was studied by Schneider (134), 
Bausor (135), and by Went & Bonner (136). 

Another type of auxin-induced cell proliferation is that occurring 
inside ovules. The layer of somatic cells surrounding the embryo sac 
usually remains one layer of cells in thickness. Cooper & Brink (137) 
found that in Nicotiana rustica this layer would develop into a multi- 
layered growth as the result of pollination with incompatible pollen. 
This is probably an auxin effect since van Overbeek, Conklin & 
Blakeslee (138) produced a similar growth from the usually single 
layered endothelium by injecting auxin into the ovaries of unpolli- 
nated Datura. 

Problems of differentiation—A case was mentioned above where 
gall tissue remained undifferentiated (121, 122). White has reported 
another case (139, 140, 141) where an undifferentiated callus can be 
made to produce shoots. When tissue of a Nicotiana glauca x N. 
Langsdorffii hybrid is cultured on the surface of a semisolid agar 
medium, the tissue will grow and proliferate but will not show any 
signs of differentiation. When small callus cultures are completely 
immersed, growing points start to develop and leaf-like structures 
complete with stomata and glandular hairs appear. White believes 
that the oxygen gradient is probably the controlling factor in the 
differentiation of these callus cultures. 

Skoog (141a) investigated the effect of auxin on the differentiation 
of White’s Nicotiana callus and found that a concentration of 0.1 to 
0.2 mg. per 1. of indoleacetic acid added to the liquid medium will 
inhibit the differentiation. He also found that a relation exists be- 
tween the auxin concentration effective in inhibiting differentiation 
and the concentration of the nutrient. When the sucrose concentration 
was increased from 2 to 4 per cent and the phosphate concentration 
was quadrupled, the auxin concentrations mentioned above were no 
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longer found to be inhibitory. However, higher concentrations of 
auxin still would inhibit. 

Another case where differentiation was controlled in vitro was 
reported for Datura proembryos (44). These embryos consist of a 
globular, undifferentiated body only 0.10 to 0.13 mm. in diameter. 
When grown in vitro in a medium containing sucrose and known 
nutrilites, only a few embryos developed, and these remained undif- 
ferentiated. However, when preparations obtained from coconut milk 
were added to the medium the embryos differentiated perfectly nor- 
mally and in seven days increased 3,500 times in volume. 

Auxin also affects the development of Datura embryos in that at 
concentrations higher than 0.1 mg. per |. it prevents differentiation 
(142). Embryos which had already differentiated, grew into callus- 
like structures when placed in a medium containing autoclaved coco- 
nut milk (44, 143). The reason for this lies in the high auxin con- 
centration liberated from precursors during autoclaving (44). 

Fruit development.—There can be little doubt that auxin is an 
important factor in the development of the young fruit. It controls 
the growth of the carpels (144) as well as the growth of the ovules 
(138). The literature on artificial and natural parthenocarpy has been 
reviewed by Gustafson (145). As far as the process of natural polli- 
nation is concerned it was thought by Gustafson (146, 147) that the 
initiation of growth of the ovary into a fruit results from the auxin 
brought into it by the pollen or pollen tubes. However, after it became 
known (61) that tissues contain considerable amounts of inactive 
auxin precursor which can be quickly made available as active auxin, 
van Overbeek, Conklin & Blakeslee (138) came to the conclusion 
that it is likely that activation of this precursor in the pistil is respon- 
sible for part of the fruit development. They calculated that the 
amount of auxin present in the pollen of an average pollination was 
insufficient to supply the large amounts of auxin necessary for fruit 
development and concluded that the pollen provides the pistil with an 
agent which activates its auxin precursor. This conclusion was con- 
firmed by Muir (118), working in Gustafson’s laboratory. He found 
that very little auxin diffused out of ovaries and styles of unpollinated 
flowers, but that this amount increased with the time after pollination. 
The pedicel also gets its auxin from the pollinated ovary which pre- 
vents abscission of the young fruit. Extraction of pollen grains and 
pollen tubes did not indicate them to be the source of the growth 
hormones. 
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Murneek & Wittwer (206, 207) reported that parthenocarpic 
tomato fruits induced by alcohol extracts of immature corn kernels 
were superior to those obtained by artificial pollination or by the use 
of synthetic growth substances. It is possible that this may be 
ascribed to a gradual release of auxin from the large amounts of 
auxin precursor contained in such extracts. (See Endosperm pre- 
cursors, above.) 

It is interesting to note that in fruit development as well as in the 
development of the crown gall an external agent arouses the “host” 
to increased auxin production, and thereby causes increased growth, 
the type of which is determined by the condition of cells of the “host.” 


PRACTICAL ASPECTS 


In this section the reviewer has attempted to group together some 
papers which have a bearing on more practical problems. In terms of 
dollars and cents these applications have become of considerable im- 
portance. Thus, the 
. . . . hormone spraying of apples is already becoming a standard orchard prac- 
tice that promises to be of immense value to producers in preventing the dropping 
of fruit before it has reached good size and color. This single application should 


save far more than all the money spent on all our hormone research. Yet it was 
not even dreamed of in the beginning of the research work... . (3). 


Abscission.—The above quotation by Auchter shows the impor- 
tance of applications of growth regulators to prevent abscission. Not 
all plants respond as favorably as apples (4, 148, 149) and not all 
substances are equally effective (92). Naphthaleneacetic acid or 
naphthaleneacetamide are equally effective whereas substances such 
as indoleacetic acid, showed some effect but far less than the first two 
compounds. It is generally observed that while indoleacetic acid is 
the most effective of the synthetic substances in the Avena test (27) 
it is far less suitable than naphthaleneacetic acid for treatments of 
green plants in light (27, 120, 138). The greater stability in the green 
plant of the naphthalene compound may make it more suitable for 
general practical use. 

Coleus was made the object of detailed studies of the abscission 
of leaves. Myers (150, 151) came to the conclusion that the delayed 
abscission of the petioles induced by indoleacetic acid is not so much 
due to an inhibited development of the abscission layer (which is even 
present before the leaf is mature) as to a delay in the disintegration 
of lamellae in the walls of the cells in this layer. Gardner & Cooper 
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(152) investigating the effectiveness of growth regulating substances 
found beta-naphthoxyacetic acid the most effective (closely followed 
by naphthaleneacetic acid) when applied as a spray on the leaves. 
However, methyl indolebutyrate was most effective when the sub- 
stance was applied as a lanolin paste.on the cut surface of the petiole. 
Lanolin preparations applied to the cut surface of petioles cut to 2 cm. 
in length were more effective than when applied to petioles 0.5 cm. 
long. A similar distance effect was observed by Went (99) with 
auxin-induced bud inhibition of etiolated pea shoots. 

The possibility exists that flowers may be kept longer on the 
plant by application of “hormones” (90), but the application of “hor- 
mones” cannot be expected to preserve cut flowers unless bacteria 
can be prevented from clogging the vessels. The opposite effect, in- 
duction of abscission, is of possible practical significance for the per- 
fume industry. Arrillaga & Jones (113) report that ethylene causes 
abscission of only the ripe petals of ilang-ilang (Canangium odoratum) 
flowers on cut branches. This yields a superior oil uncontaminated 
by the lower quality oils of the immature petals and ovaries. Another 
consequence of this effect of ethylene is that storage room operators 
are cautioned to keep flowers from ethylene producing products such 
as apples (153). 

Fruit set—After Gustafson (144, 146, 154) had shown how to 
produce fruits without pollination, newer methods were developed 
which were more practical than the original lanolin paste treatment. 
Spray emulsions and even vaporized growth regulators were applied 
as a means of supplementing the normal processes of pollination and 
fertilization (25, 155 to 159). The treatments have been outstanding 
with tomatoes and holly, but conflicting results have been obtained 
with other species (4). When tomato flowers are treated before 
pollination has taken place, a high percentage of seedless fruit is 
obtained, but when treated after pollination most fruits contain seed. 
Why auxin inhibits fertilization is not known. The germination of 
pollen and growth of the tube im vitro is promoted by auxins in 
several plants (160, 161). In some instances fertility is promoted 
by a proper auxin treatment (162), perhaps due to delayed abscission 
of the style or the whole flower. 

Bud inhibition—When plants are kept in storage it is often de- 
sirable to prevent their buds from developing. Methyl esters of 
naphthaleneacetic acid were successfully employed to prevent shoot 
development in potatoes (102, 103) as well as in rose bushes (163). 











656 VAN OVERBEEK 


For potatoes the treatment consists of merely storing the tubers in 
the presence of paper impregnated with the ester, since its vapors are 
active. Other uses for growth regulators are the delaying of develop- 
ment of flower buds (164) and leaf buds (165) to prevent them from 
growing out when there is danger of frost damage. This method has 
also been suggested for prolonging the dormancy of tung flowers 
where it might be of considerable importance since in two out of 
five years late spring frosts have seriously reduced the production 
of tung oil in America (166). In fruit trees it has been found that 
“hormone” sprays given in the summer will retard the opening of 
buds the next spring (167). 

Rooting —Root formation under influence of synthetic growth 
regulating substances was extensively reviewed by Mitchell & Rice 
(110). It is probably next in economic importance to the “hormone” 
treatments which delay abscission. For instance, when the main 
Derris supply was lost due to occupation of Far Eastern countries, 
it became necessary to propagate valuable high-yielding Sumatra 
clones as rapidly as possible, the largest supply of which is probably 
present in Puerto Rico (168). Cooper (169, 170) developed a method 
by which it became possible to utilize for propagation leafy material 
which had previously been discarded. On leafless Derris cuttings the 
“hormone” treatment was not successful, not because it failed to pro- 
duce roots, but because the treatment caused severe bud inhibition 
which prevented the plant from utilizing its roots, and “die back” 
resulted because of food starvation. The vegetative propagation of 
the Russian dandelion by Marth & Hamner (171) is another example 
of the usefulness of growth regulating substances. 

Considerable improvement in the technique of applying root-form- 
ing substances has been made in recent years. A dust dipping method 
where talc was used as a carrier of the active chemicals, has been 
developed (172, 173). A still more convenient method is the alcohol- 
dip technique in which the basal end of the cutting is dipped in in- 
dolebutyric acid or other active chemicals dissolved in 50 per cent 
alcohol. This method was suggested by Hitchcock & Zimmerman 
(174) and worked out by Cooper (169, 170) on rotenone-producing 
plants, for which 2 mg. of indolebutyric acid per cc. is the best con- 
centration. 

Another question of practical consideration is the kind of chemical 
used. Stoutemyer (175) found that about one third of the horticul- 
tural plants he tried responded best to “hormones” in the amide form, 
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another third responded best to the acid itself, and the remaining third 
responded equally well to both. 

Consideration also has been given to substances used for treatment 
in addition to the usual root-forming substances. Thimann & Poutasse 
(176) believe that the nitrogen nutrition of the leaf is of great impor- 
tance for root formation. They showed that in bean cuttings the 
number of roots is considerably increased by the addition of potassium 
nitrate (ammonium salts were toxic), adenine, asparagine, and some 
other organic nitrogenous compounds. Doak (177) found that gua- 
nine, serine, and isoleucine when used in addition to naphthaleneacetic 
acid greatly increased the number of roots on Rhododendron cuttings. 
He suggests that these substances might have the same effect as the 
“rhizocaline” postulated by Went (87). Favorable responses to su- 
crose also have been reported again (135). 

The condition of the tree from which the cuttings are taken is of 
considerable importance. Thimann (178) found in conifers, as Gard- 
ner had found in apples (179), that the age of the tree (not the age 
of the branch from which the cutting is taken) is of importance and 
that side shoots root better than terminal shoots. Individual pine 
needle bundles rooted more readily than cuttings (180). Hitchcock 
& Zimmerman (181) found that only the cuttings taken from apple 
trees before the middle of June responded favorably to indolebutyric 
acid treatment. A comparable seasonal effect was shown by Gou- 
wentak & Maas (182) to exist for cambial activity induced by auxin. 
Branches of Fraxinus treated in the spring responded to an apical 
application of indoleacetic acid by producing new wood along the 
whole length of the test shoot. Branches treated in the fall did not 
respond. Pearse (183) found that cuttings taken from poorly fertilized 
plants of Vitis vinifera produced more roots (with and without auxin) 
than cuttings taken from well fed plants. It seems to the reviewer 
that the high carbohydrate content of the “low salt plants” might be 
responsible for their better rooting. 

An increased root formation due to the action of auxins has been 
reported for the Avena seedling (184), for bean plants—as a result of 
naphthaleneacetic acid treatment of the tops—(185), for onions (186), 
and for transplanted pecan trees (187). In the latter case toothpicks 
impregnated with indolebutyric acid were inserted in the root stubs 
near the cut ends, which treatment resulted in a much greater develop- 
ment of new roots during the first season after transplanting. The 
number of roots growing out from the initials of the root band of sugar 
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cane “seed pieces” (cuttings) was also found to be considerably pro- 
moted by relatively high concentrations of naphthaleneacetic acid 
(188). 

General growth promotion—Many cases have been reported 
where growth-promoting substances applied to the soil or nutrient 
solution increased the growth of the plant. This is not necessarily a 
direct effect on the plant, but it might affect the plant indirectly by 
affecting the microorganisms of the substrate. Barker & Broyer 
(189) showed how considerable the effect of soil microorganisms on 
the growth of plants can be, by comparing the growth of squash plants 
in sterile waterculture and in similar cultures inoculated with soil. 
The sterile cultures showed a much better shoot and root growth than 
the nonsterile ones. Aeration improved the condition of the nonsterile 
cultures, but the nonaerated sterile cultures were better than aerated 
inoculated cultures. An effect that might be explained on the basis 
of keeping growth retarding soil microorganisms down is the growth 
stimulation due to a fluorescein preparation (Photosensin). Sellei 
et al. (190) observed that most of the dye was found adsorbed on the 
root system, whereas little or nothing moved up in the shoot. The 
authors suggest that the fluorescein might affect the “caulocaline” 
production of the roots; on the other hand an explanation based on 
suppression of soil microorganisms might be worth looking into. 

Some clear-cut cases are known, however, where growth-regu- 
lating substances have been applied to plants growing under sterile 
conditions and thus the effect must be a direct one. Stephenson (191) 
grew lettuce seedlings for two weeks under aseptic conditions and 
observed increases of root dry weight of 1,600 per cent and increases 
of shoot dry weight of 250 per cent over nontreated controls. The 
treatment was with naphthaleneacetic acid 10 parts per billion. Gor- 
ham (192) and Clark & Frahm (193) reported increased growth in 
Lemna grown under sterile conditions when treated with indoleacetic 
acid. 

Hamner (194) reported increased root and top growth in tomato 
plants when naphthaleneacetamide was given to the nutrient solution. 
Others, however, reported negative results (195, 196). Laude (197) 
reported that there was an increase of 13 per cent in the dry weight 
of bean plants treated with 1 part per billion of indoleacetic acid, pro- 
vided the potassium level of the nutrient solution was high. Smith 
et al. (198) showed that auxins were effective in inducing root pri- 
mordia and roots in entire bean plants only when the plants were 
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grown under conditions which led to a high carbohydrate content. 
These findings suggest that the disagreement between the various 
workers in this field might be due to variations in nutrients and other 
external conditions. The same holds for seed treatments with “hor- 
mones”: some workers found a favorable effect (199), others no 
effect (200, 201, 202). 

Skoog (109) found that applications of low concentrations of in- 
doleacetic acid to zinc-deficient plants relieved the early symptoms of 
zinc deficiency somewhat and attributed this to a better utilization of 
the available zinc. Eaton’s (203) observation that indoleacetic acid 
will to some extent replace boron may be explained in a similar 
manner. The increased activity of roots under influence of auxins is 
also reflected in a higher rate of exudation (85). An increased root 
activity may very well account for the increased growth observed 
when auxins or related chemicals were added to the substrate. 

Some other as yet unknown growth regulators were reported to 
increase plant growth. Gorham (204) reported in a careful study on 
the growth of Spirodela, that from dung and other sources substances 
could be extracted by ether or water which are active in promoting 
the frond number. The effect does not seem to be due to known nu- 
trilites or micronutrient elements. Harper & Cooper (205) reported 
a similar case with Cinchona seedlings. Cow manure extract made 
the plants appear greener thay the controls, yet neither nitrogen appli- 
cations nor many known niftrilites, auxins, nor amino acids could 
reproduce the effect. ; 
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BIOCHEMISTRY OF FUNGI 
By Epwarp L. Tatum 


School of Biological Sciences, 
Stanford University, California 


It has been pointed out in previous reviews (1 to 5) that the 
diversified biochemical activities of the filamentous fungi are speci- 
fically characteristic of the species and strain employed. The pro- 
duction of different organic acids, pigments, antibiotic substances, 
and growth factors by particular species and strains often differ more 
strikingly than do the specific morphological characters. Although 
these fundamental synthetic capacities of different strains must repre- 
sent inherent potentialities, their expression may be modified by en- 
vironmental factors, such as the presence of certain trace elements, 
the temperature, the pH, and aeration. 

In the light of recent research showing that certain biochemical 
activities of the mold Neurospora are controlled by specific genes (6) 
it seems reasonable that similar genetic controls are responsible for 
many of the varied biochemical activities of fungi. It is felt that the 
purpose of this review will be best fulfilled if an attempt is made to 
correlate recent developments in the biochemistry of fungi with this 
general concept. This approach is perhaps justified, even though in 
most cases there is as yet no direct genetic evidence. In many in- 
stances it is only possible at present to emphasize the diversities and 
specificities of different strains, while in other instances attempts will 
be made to interpret the relationships of various products in terms of 
metabolic reactions, the genetic blocking of which at different points 
leads to the accumulation of different but sequentially related products. 

It is felt that the implications and importance of developments in 
the biochemistry of fungi are not limited to the fungi. Just as the 
principles developed from studies of bacterial metabolism and growth- 
factor requirements have been fruitfully applied to other forms (7, 8, 
9), the correlation of biochemistry and genetics which should eventu- 
ally be possible with the lower fungi should further our understanding 
of the biochemistry and control of biochemical reactions and speci- 
ficities in other forms. It is realized that the present approach is not 
the only one possible, but it is felt that this approach is one of the 
most important and potentially most fruitful aspects of the bio- 
chemistry of fungi. 
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VITAMIN AND GROWTH-FACTOR REQUIREMENTS 


The rapid accumulation of information regarding the growth-factor 
requirements of fungi since the subject was last covered in this Review 
(10) is emphasized by data compiled by Robbins & Kavanagh (11). 
These authors provide a valuable comprehensive listing by organisms 
of the growth-factor requirements of the fungi as reported in the 
literature through 1941. Since then additional reports have further 
demonstrated the diversities and extreme specificities of the growth- 
factor requirements of the fungi. The specific vitamin requirements 
of twelve new strains of a number of species of fungi have been de- 
scribed (12). In general, their requirements are similar to those of 
previously studied representatives of the same species. The relation 
of certain fungi to thiamin has been more closely examined. Nineteen 
fungi are now known which require intact thiamin, fifteen which 
require both “thiazole” and “pyrimidine,” and thirty which require 
only “pyrimidine’'(13). Pyridoxin is essential for Graphium ulmi 
(Ceratostomella) (14, 15). Nine species of the wood-destroying 
Ceratostomella have been shown to require different combinations 
of biotin, pyridoxin, and thiamin (16). Of a group of seventeen fungi 
examined (17) the various species of Tricophyton differed most in 
their requirements. Five strains grew well without vitamin additions, 
four required thiamin, and one required both thiamin and inositol. 
Another, T. discoides (18), required thiamin, inositol, and pyridoxin. 

Robbins & Kavanagh in their recent review (11) point out that 
among the fungi, requirements for thiamin and biotin are common, 
and less frequent for pyridoxin and inositol. None at that time was 
known which definitely required riboflavin, nicotinic acid, panto- 
thenic acid, pimelic acid, or p-aminobenzoic acid of the B-group [see 
also Peterson (8)]. Although not all of the B-vitamins are thus in- 
cluded in the requirements of strains of fungi found in nature, in view 
of the importance and functions of the B-vitamins in other forms (19), 
it might be expected that fungi in general produce and use other 
members of this vitamin complex. A number of mutant strains of 
Neurospora have been produced by irradiation and found to require 
certain of these other vitamins which are produced by the normal 
strain, as shown by biological tests. These include strains which speci- 
fically require thiamin, pyridoxin, p-aminobenzoic acid (6, 20), nico- 

1 For simplicity, unless otherwise specified, the terms “thiazole” and “pyri- 
midine” will be used to denote the thiamin intermediates. 





mt 


igi 


), 


ler 


ire 
1al 
ci- 
:0- 





FUNGI 669 


tinic acid, pantothenic acid, inositol (21), and choline (22). These 
findings confirm the predicted importance of these B-vitamins in fungi. 
It is probable that strains of fungi with similar requirements may in 
time be found in nature. To the reviewer’s knowledge, no yeasts or 
molds have yet been reported to require riboflavin (8, 11, 17) or folic 
acid, the remaining two members of the complex. However, ribo- 
flavin is synthesized by all yeasts and molds investigated (23 to 30) 
including Neurospora (31). 

Although fungi have not been demonstrated to require vitamins 
or growth factors other than those of the B-group, vitamin C may be 
synthesized by certain fungi (32), and is reported to stimulate the 
early stages of growth of several (33). Indole-3-acetic acid is pro- 
duced by a number of molds, but only in the presence of tryptophane 
(34). It has been reported to stimulate growth and reproduction of 
certain fungi (35, 36, 37). 

The requirement of Phycomyces for two growth substances in 
addition to thiamin (38) has been partially cleared up by the demon- 
stration that hypoxanthine functions specifically for and is probably 
identical with the Z, factor (39, 40, 41); guanine and a number of 
other purines are much less active. The chemical nature of the other 
active fraction has not yet been determined. 

The relation of vitamins to growth of fungi may not always be 
positive and direct. Two instances of inhibiting effects of thiamin 
have been reported. In one case, the growth of M.R. atrovirens, which 
does not need thiamin supplied to it, is inhibited by the addition of 
either thiamin or its components (42). Schopfer (43, 44) reported 
that a similar growth-inhibiting action of thiamin on Rhizopus suinus 
is overcome by inositol which functions as a growth factor. No ex- 
planation of these observations is available. (See p. 686 for other 
examples of inhibitions.) 


VITAMINS AND RESPIRATORY FUNCTIONS 


In analogy with the known functions in other organisms of thiamin, 
riboflavin, and nicotinic acid as respiratory coenzymes it seems likely 
that at least these three vitamins act similarly in fungi. This is sub- 
stantiated by the demonstration of a carboxylase system in Fusaria 
(45), as well as by the partial purification of a glucose oxidase, prob- 
ably a flavoprotein, from A. niger, P. glaucum, or Citromyces (46). 
Evidence has been presented (47) that the heat treatment which the 
ascospores of Neurospora tetrasperma require for germination re- 
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leases or activates cocarboxylase. Heating Phycomyces spores, or 
treating with pyridine, apparently activates or releases the Z factors 
(previously mentioned) and permits spore germination (48). The 
exact role of hypoxanthine (Z,) is unknown. 

The participation of p-aminobenzoic acid, pyridoxin, and panto- 
thenic acid in respiratory systems of certain fungi has been indicated 
in specific strains of Neurospora. Each strain, when starved for one 
of the three vitamins, responds to its addition by a definite increase in 
Qo, (49). Much more work remains to be done with fungi in line with 
recent work with bacteria (50). 

The stimulating effect of extracts of Fusaria on the respiration of 
potato tubers (51), the normal host, may involve respiratory functions 
of certain vitamins, or of unknown substances. Similar relationships 
may exist between the respiration of wheat plants and infection with 
parasitic mildews (52, 53, 54). 


GENETIC Basis OF GROWTH-FACTOR AND VITAMIN REQUIREMENTS 


The general development of the concept that the specific growth- 
factor requirements of microorganisms are due not to intrinsically 
varied needs but to loss of synthetic powers, has been covered in detail 
many times (55, 56). One of the main contributions of this concept 
is that the losses in synthetic capacities are frequently correlated with 
an adaptation or modification to more and more complex environments 
as far as vitamin supplies are concerned. The observations on fungi 
support this concept, since it may be said that most parasitic or patho- 
genic fungi have absolute deficiencies for growth factors. Following 
the enunciation of these general principles it has been repeatedly shown, 
by means of a variety of techniques, that in every case so far examined, 
including fungi (10, 30, 57, 58, 59), an organism which does not re- 
quire an external source of any one of the B-vitamins can synthesize 
it from simpler constituents. It has also been shown (13, 57) that spe- 
cific vitamin deficiencies of various organisms or strains of organisms 
may result from the blocking of different steps in the synthesis of the 
vitamin. For example, thiamin may not be synthesized because of the 
loss of capacity to produce “thiazole” or “pyrimidine,” to combine 


these capacities. 

The specificity of these synthetic abilities and the correlation of 
their losses with an evolutionary sequence, suggests by analogy with 
other biochemical reactions which are known to be under a more or 
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less direct genetic control (60 to 63) that the syntheses of these vita- 
mins should also be under genetic control. The observed losses in 
synthetic abilities should then be directly correlated with gene muta- 
tions. Gene mutations to the recessive, relatively less active, form are 
most common and in vitamin synthesis evolutionary changes are gen- 
erally toward losses in capacities. 

In the case of bacteria, most fungi, higher plants, and animals, 
there are as yet no means of directly testing this general hypothesis. 
However, the genetics of the mold Neurospora is well known (64, 65) 
and a number of mutations affecting morphological characters have 
been studied in this organism. With this fungus it has been estab- 
lished that the synthesis of vitamins and amino acids is gene-controlled 
(6, 21, 66). A number of distinct mutant strains of Neurospora have 
been produced in which the synthesis of various vitamins is deficient. 
In most cases the mutant character is inherited as if it were associated 
with the mutation of a single gene. Apparently the mutation of each 
gene causes a specific biochemical defect (see p. 674 for examples). 
In regard to thiamin synthesis, Robbins & Ma (13) conclude that in 
fungi occurring in nature the loss of the capacity for “pyrimidine” syn- 
thesis is most frequent. Only one (Mucor ramannianus) has lost only 
the ability to make “thiazole.” None is known in nature which can 
synthesize the two components but at the same time cannot put them 
together. Most fungi have lost more than this one synthetic capacity. 
However, the production of a “thiazole”-deficient mutant of Neuro- 
spora, and of a “thiaminless” mutant? (21), which probably can make 
the components, supports the conception of analogous losses in syn- 
thetic ability in all fungi as being the result of separate, perhaps con- 
secutive, gene mutations. 

The significance of these results is not limited to the synthesis of 
vitamins and amino acids but also applies to the general relations of 
genetics to all biosynthesis, to metabolism in general, and to the prob- 
lems of cellular growth and differentiation (21, 62). The study of 
specific biochemical reactions in such genetically altered forms is anal- 
ogous to the use of chemical inhibitors in studying metabolism. Since 
gene mutations are so much more specific in their action than chemical 
inhibitors, the results obtained should be correspondingly more reliable. 


2 Mutant strains of Neurospora are designated by adding the suffix “less” to 
the name of the substance for which the particular strain is deficient, i.e., “nico- 
tinicless”—a strain deficient in nicotinic acid, which therefore requires for growth 
the addition of nicotinic acid. 
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GENETIC CONTROL OF OTHER BIOCHEMICAL REACTIONS 


Genes may be assumed to control specific biochemical reactions 
through their primary control of the production or specificity of en- 
zymes. Winge & Laustsen (67) first suggested the genetic control of 
specific enzymes in yeast. In hybrids between yeast strains with dif- 
ferent fermentative capacities the fermentations of raffinose, mellibiose, 
and sucrose were found to be controlled by dominant genes. When 
only the recessive mutant forms of the genes were present in the 
hybrid, fermentation did not take place. This was attributed to ab- 
sence of specific enzymes. The inability of certain strains of bacteria 
(E. coli) to ferment lactose has been attributed to impermeability of 
the cells to the disaccharide (68). However, the original interpreta- 
tion of the results with yeast is supported by demonstrations of anal- 
ogous genetic control of certain enzymes in plants and animals (69, 
70). Further work with yeast (71) has led to the suggestion that 
wild and cultivated yeast strains may differ primarily in genes which 
modify the production or activity of enzymes concerned in fermenta- 
tion reactions. The vitamin requirements of certain yeasts may be 
associated with the production of certain fermentation enzymes, al- 
though probably not in a causal relation. It has been found that a 
number of lactose-fermenting yeasts require nicotinic acid for growth, 
while other non-lactose fermenting strains do not need an outside 
supply of this vitamin (72). This might suggest the separate occur- 
rences of independent gene mutations involving the two separate 
characters. The production of enzymes involved in amino acid oxida- 
tions may vary in different strains of Allomyces (73). The production 
of permanently altered cyanide-insensitive strains of yeast should be 
recalled (74). This probably is an induced deficiency in the cyto- 
chrome oxidase or other cyanide-sensitive enzyme systems. The 
amounts of B vitamins synthesized by different yeast strains derived 
by selection vary considerably (25). Similar variations in the syn- 
thesis of riboflavin by yeast strains found in nature have been attributed 
to genetic differences (26). The amount of this vitamin synthesized 
by a yeast (Candida guillermondia) is markedly affected by cultural 
conditions (75). 

The ability to synthesize particular vitamins may be redeveloped, 
perhaps through mutation and selection, as indicated in yeast for eight 
vitamins (25) and in Fusarium avenaceum for biotin (76). Such in- 
stances are reminiscent of “training” in bacteria (9, 56, 77). These 
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and other similar variations in bacteria (78, 79) may have a genetic 
basis, as has been suggested in the development of phage-resistant 
strains of E. coli (80). 

There are other cases in which particular properties or characters 
of fungi appear to be gene-controlled. Many mutant characters which 
affect phytopathogenic smut and rust fungi are known (81, 82). In 
tomato-wilt Fusaria, the toxicity for tomato plants of extracts of iso- 
lated mutant or variant strains (83, 84) is correlated with the virulence 
of the strain (85). Pathogenic differences in certain rust fungi are not 
correlated with their requirements for thiamin, riboflavin, or for nico- 
tinic, ascorbic, or indole-3-acetic acids (86). 

An interesting case in fungi is the genetic control of luminosity in 
Panus stypticus (87). A single gene difference was demonstrated 
between a luminous American strain and a non-luminous European 
strain. In hybrids the positively acting gene (for luminosity) is domi- 
nant over its allele. 


SEXUAL PHASES AND BIOCHEMICAL REACTIONS 


Genetic control of biochemical reactions in fungi in other cases is 
suggested by the association of a given reaction with mating type or 
sexual phase (which are gene-controlled), or by the induction of sexual 
spore formation by definite chemical compounds. The difference in the 
production of fumaric acid by strains of Rhizopus nigricans of oppo- 
site mating types (88) indicates a genetic control of metabolism, per- 
haps indirect. The nature of the growth factors essential for spore 
formation in fungi has been previously reviewed (10, 58). Perithecium 
formation by Microsporum audouini (an imperfect fungus) has been 
observed only in the presence of unknown substances produced by a 
certain bacillus (89). Different nuclear phases of Ustilago nuda ap- 
parently vary in their thiamin requirements (90). 

The stimulating effect of growth of A. niger or of A. niger culture 
filtrates on conjugation in Zygosaccharomyces has been shown to de- 
pend on at least two extractable substances (91). Zygosaccharomyces 
may represent genetic stages in the life cycle of Saccharomyces (92). 
If this were true, the inability of members of the genus Zygosaccharo- 
myces to conjugate normally and form viable spores might be correlated 
with the genetically determined concentration level of specific conju- 
gation factors. A partial replacement of the conjugation factors for 
Zygosaccharomyces with glutaric acid in combination with riboflavin 
has been demonstrated, although these are probably not the active sub- 
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stances produced by A. niger (93). It seems significant that di- 
carboxylic acids are also involved in sexual processes in the water- 
mold Achlya, in plant wound healing (94), in the excystment of 
protozoa (95), and in respiration and growth of Neurospora (96). 

Raper (97) has shown that the sexual processes in the Phycomy- 
cete, Achlya, are controlled by sequential production of four diffusible 
substances or “hormones.” “Hormone A,” the initial substance in the 
sequence of reactions, can be replaced by certain dicarboxylic acids, 
or by certain barbituric acid derivatives, but is probably a ketone (98). 
The action of Achlya hormones may be somewhat analogous to the 
roles of crocin and related compounds [see discussion by Schopfer 
(58)] in the development of motility and in conjugation of Chlamy- 
domonas eugametos, in which the biochemical reactions are definitely 
controlled by specific genes (99). It is of interest in this regard that 
the rare y-carotene found in the water-mold Allomyces is the only 
carotene present in most species, and is restricted to the maie repro- 
ductive cells (100). 


INDUCTION OF MUTATIONS OR VARIANTS IN FUNGI 


A number of investigators have attempted to use with fungi tech- 
niques by which bacterial “variants” or “mutants” have been obtained. 
The identification of a given change induced by physical or chemical 
treatments as a true gene mutation is possible only when genetic tests 
can be made. So far this has been done only with Neurospora, in 
which both morphological and biochemical mutant strains have been 
produced. 

In view of the early beginning of biochemical investigations with 
Aspergillus niger it is not surprising that attempts have been made to 
induce mutant strains in, this fungus. Treatment with radium (101) 
has been reported to produce races which differ morphologically and 
biochemically in acid production and amylolytic capacity. Distinctive 
morphological strains of A. niger have been produced by treatment 
with reagents such as hydrogen peroxide, ninhydrin, and nitrite (102). 
On the basis of these results, it has been suggested that these treat- 
ments change the enzymatic complements of the strains, and thereby 
alter their morphological characters. Since growth of the “mutant” 
strains on certain media which contained lysine in addition to other 
amino acids led most quickly to reversion to the original state, it has 
been suggested that the loss or recovery of ¢-amino groups from lysine 
units of the cell proteins may be one factor involved in this mutation 
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and reversion (103). It is exceedingly difficult to evaluate this work 
at present, since it is impossible to determine whether or not these 
mutant strains actually represent gene mutations. In a similarly un- 
certain category are modifications induced in yeast strains by various 
treatments, hydrogen cyanide (74), camphor (104), and, as with 
higher plants, colchicine and acenaphthene (105). Strains of Staphy- 
lococcus aureus have been isolated from cultures grown in the presence 
of sulfanilamide, which owe their increased resistance to sulfanilamide 
to an increased p-aminobenzoic acid synthesis, not dependent on the 
continued presence of sulfanilamide (106). 


SYMBIOSIS AND RELATED PROBLEMS 


The phenomenon of symbiosis between different organisms or 
species has been known for some time. Since the recognition of the 
differences in growth-factor and vitamin requirements of various or- 
ganisms, one satisfactory explanation of the phenomenon, based on 
the vitamin requirements of the symbionts, has been developed (57, 
58, 107). Two organisms with different synthetic abilities and there- 
fore different requirements, by exchanging the vitamins they can make, 
can grow together in media in which neither could grow separately. 
Successful artificial symbiotic cultures of fungi have been obtained in 
which Polyporus adustus supplies biotin and Nematospora gossypu 
supplies thiamin (108). Another instance in which each symbiont 
supplies different portions of the thiamin molecule (Mucor ramanni- 
anus and Rhodoturula rubra) has been studied (109, 110). This 
symbiosis requires the presence of certain inorganic cations (111). 
More recently a number of successful symbiotic cultures of Ceratosto- 
mella species have been produced (16). These depend on the reciprocal 
exchange of thiamin and pyridoxin. The production of such symbiotic 
cultures constitutes one conclusive method of proving that an organism 
can synthesize a particular vitamin or portion of a vitamin molecule. 

The significance of another related problem has not been fully 
realized in the past. This is the phenomenon of heterocaryosis, which 
is of wide-spread occurrence in fungi (112, 113) and perhaps in other 
organisms (114). Heterocaryosis in fungi involves the fusion of hyphae 
of two genetically different strains with the production of cells which 
then contain genetically heterogeneous nuclei. Dodge (115) has pro- 
duced such heterocaryotic cultures experimentally, and has shown that 
the resulting hyphae containing the nuclei of two different slow-grow- 
ing forms of Neurospora tetrasperma grow much more rapidly and 
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vigorously. Similar heterocaryons have been made between biochemi- 
cal and morphological mutant strains of Neurospora crassa and can be 
used as tests for gene dominance, in a manner analogous to dominance 
studies in diploid cells of most plants and animals (21). It has been 
shown that heterocaryosis is a general phenomenon in Neurospora and 
quantitative methods of studying dominance relations in Neurospora 
have been developed (116). These methods should be of great value 
in accurately measuring the contributions of genes which govern the 
synthesis of vitamins, amino acids, and other substances. Beadle & 
Coonradt (116) also discuss the use of heterocaryons in tests for 
allelism, as well as some further points of general biological signifi- 
cance, including the analogy of the physiological or biochemical bases 
of heterocaryosis and heterosis, the value to a haploid heterothallic 
organism of this phenomenon in evolutionary competition, and the 
possible role of heterocaryosis in the evolution of sexual reproduction. 


BIOSYNTHESIS OF VITAMINS, GROWTH Factors, AND AMINO ACIDS 


One of the fundamental problems which confront the biochemist is 
the question of the biosynthesis of cell constituents in general and of 
the vitamins and other growth factors in particular. Because of the 
diversities in the synthetic abilities of the lower fungi, these organisms 
have already proven of value in a clearer understanding of the chem- 
istry of biosynthesis of certain of the vitamins and other growth fac- 
tors. Any biosynthesis must be viewed as a consecutive series, or con- 
verging parallel series, of biochemical reactions. A given synthesis in 
an organism may be blocked in one or more particular reactions. By 
the study and comparison of the synthetic abilities of different organ- 
isms with regard to a particular substance, the biochemical steps in the 
synthesis of this substance can be determined. Instead of comparing 
different organisms which may vary in several respects, there are a 
number of advantages in comparing different strains of the same or- 
ganism, especially if these vary in only a single reaction, as do the 
mutant strains of Neurospora. 

Thiamin.—Investigations of the synthesis and destruction of thia- 
min by fungi have indicated that this vitamin is continually being 
synthesized and broken down, that it may normally be in a state of 
“dynamic equilibrium” perhaps analogous to that of other cell con- 
stituents, proteins and amino acids (117), and perhaps purines and 
pyrimidines (118). The greater effect on growth of Phycomyces of 
an excess of “thiazole” compared to an excess of “pyrimidine” (119, 
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120) has led to the view that the thiazole portion is attacked only in 
the intact vitamin molecule by Phycomyces (119). Inactive vitamin 
analogues are also broken down, and the liberated vitamin-pyrimidine 
thus made available for resynthesis of thiamin (119, 120, 121). Rein- 
vestigation of the synthesis and breakdown of thiamin and its com- 
ponents by Phycomyces and in addition by Phytophthora, Mucor 
ramannianus, and Sclerotium rolfsii has supported these concepts and 
indicated that thiazole destruction and thiamin synthesis may be cor- 
related (122). 

Relatively little is known regarding the synthesis of the thiamin 
components in fungi. A combination of the intermediates in the chemi- 
cal synthesis of “thiazole,” thioformamide, and chloracetopropylalco- 
hol, which can replace “thiazole” for isolated pea roots, apparently 
cannot be synthesized into “thiazole” by Phycomyces (123). The syn- 
theses of “thiazole” by Phycomyces and the pea root must therefore 
either take place along different pathways or the synthesis in Phyco- 
myces is blocked after the synthesis of these two precursors. 

Various fungi have long been recognized to differ in their ability 
to synthesize thiamin from its components (13, 57, 58). Phycomyces 
blakesleeanus is the classical example of a mold which can perform this 
synthesis, while Phytophthora cinnamomi has been assumed to be de- 
ficient in this ability, as well as being unable to synthesize “thiazole” 
and “pyrimidine” (124). Recent work (125) has shown that Phy- 
tophthora cannot carry out the final step in the synthesis of thiamin, 
presumably because it lacks a highly stable factor of unknown nature. 
This “Factor S” has been found by Kidder & Dewey in plant extracts 
which have been freed of thiamin and its intermediates by treatment 
with hot alkali and ultraviolet light. The results suggest a general sig- 
nificance of Factor S, since it seemed to be richest in green leaves of 
plants where thiamin is synthesized and very low in animal tissues and 
products. Phytophthora requires both intermediates as well as Factor 
S for thiamin synthesis, and the absence of Factor S must be inde- 
pendent of the need for the two intermediates, since two protozoa 
(Tetrahymena gelii and T. vorax) were shown to be deficient only 
in Factor S, and since Phycomyces presumably can supply its own 
Factor S. 

Pyridoxin.—It has been suggested that the synthesis of pyridoxin 
by certain lactic acid bacteria involves alanine as an essential inter- 
mediate (126). The nature of a more active pseudopyridoxin (127) 
and its physiological relation to pyridoxin remains in question, al- 
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though it seems possible that pseudopyridoxin is a decomposition 
product of pyridoxin itself, since pyridoxin may be changed to “pseu- 
dopyridoxin” by autoclaving with any of the following substances: 
cystine, glycine, ammonia, or thioglycollic acid (128), and by treat- 
ment with hydrogen peroxide (129). The response to pseudopy- 
ridoxin and the ability to use alanine for the synthesis of pyridoxin 
apparently are not related since in Lactobacillus casei alanine cannot 
replace pyridoxin (126) although this bacterium apparently responds 
to pseudopyridoxin (128). Neither alanine nor pseudopyridoxin seems 
to be involved in the biosynthesis or action of pyridoxin in the fungi 
so far tested, as shown by investigations with six strains of pyridoxin- 
requiring Ceratostomella (130) and with a “pyridoxinless” mutant of 
Neurospora sitophila (131). Of a number of organisms so far tested, 
including yeast, fungi, and rats, only certain lactic acid bacteria re- 
spond better to pseudopyridoxin (and may even fail to respond to 
pyridoxin). This makes it unlikely that pseudopyridoxin is of general 
significance. 

Pantothenic acid. — A “pantothenicless” mutant of Neurospora 
crassa (21) is the only filamentous fungus known which has an abso- 
lute requirement for exogenous pantothenic acid. This strain requires 
intact pantothenic acid, and presumably is able to synthesize B-alanine 
and pantoyl-lactone, but is unable to complete the synthesis. The 
mutant may lack some component of an enzyme system comparable 
to that demonstrated in yeast (132, 133) in which f-alanine and pan- 
toyl-lactone seem to be normal precursors of pantothenic acid. It has 
been indicated that salicylic acid may inhibit the biosynthesis of panto- 
thenic acid in bacteria, as shown by its effect in making strains of 
Corynebacterium diphtheriae sensitive to pantoyl-taurine (134), or by 
preventing the growth of bacteria normally able to synthesize panto- 
thenic acid, possibly by competitively inhibiting a suggested conver- 
sion of a,y-dihydroxyisocaproic acid to pantoyl-lactone (135). 

Biotin.—Evidence has been presented which leaves little doubt 
that pimelic acid and cystine are precursors in the biosynthesis of 
biotin by C. diphtheriae (136) and by A. niger (137). However, in 
other organisms such as L. casei (138) and Torula cremoris pimelic 
acid cannot replace biotin, although aspartic acid may partially do so 
for Torula cremoris (139). It seems likely that in these microorgan- 
isms as well as in a number of fungi, including strains of Ceratosto- 
mella, Grossmannia, Fusaria, Neurospora, and Nematospora (140), 
the biosynthesis of biotin is blocked at stages later than that at which 
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pimelic acid and cysteine are effective. The biosynthesis of biotin from 
desthiobiotin by S. cerevisiae has recently been demonstrated (141). 
Desthiobiotin can also replace biotin for a number of microorganisms 
including Saccharomyces, Zygosaccharomyces, Neurospora, and cer- 
tain strains of Ceratostomella (142). This compound, which may 
therefore be a normal precursor of biotin, not only has no biotin ac- 
tivity but is antagonistic to exogenous biotin for L. casei (141, 142), 
Sordaria fimicola, and Ceratostomella pini 416 (142). 
p-Aminobenzoic acid.—Studies of a “p-aminobenzoicless” mutant 
strain of Neurospora crassa (6) have suggested that in this fungus the 
action of sulfanilamide is through an inhibition of the utilization of 
p-aminobenzoic acid (p.a.b.) and not of its synthesis (20). This is in 
agreement with the accepted views on the competitive nature of growth 
inhibition by this and similar chemotherapeutic agents (143). The use 
of this mutant strain of Neurospora has also made it possible to dis- 
sociate the effect of pH on sulfanilamide activity from its effect on 
p.a.b. activity, and to show that the availability of the vitamin to 
N. crassa becomes greater as the pH is lowered (144). This increased 
availability of the molecular form of p.a.b. may be simply a question 
of uptake by the mold, since the molecular forms of most substances 
more readily pass through cell membranes (145). The biosynthesis 
of p.a.b. by Neurospora has been investigated (20) with the use of 
both wild type and mutant strains. A number of related compounds 
and theoretically possible precursors had some growth-promoting ac- 
tivity. However, the absolute activity was so low in comparison with 
that of p.a.b. that it was concluded that these compounds, which in- 
cluded aniline, p-nitrobenzoic acid, p-toluidine, and p-dimethylamino- 
benzaldehyde, are probably not normal intermediates in the biosyn- 
thesis of p.a.b. It now seems likely that some or all of these compounds 
were active per.se. It has been shown (146) that certain derivatives 
of p.a.b. which should not be easily converted to p.a.b., such as the 
2-fluoro, the 2-bromo, the 2-iodo, and the 3-carboxy derivatives, are 
definitely active for the Neurospora mutant and for Cl. acetobutylicum, 
and act as sulfanilamide antagonists for E. coli. 2-Chloro-p-amino- 
benzoic acid, on the contrary, has sulfanilamide-like activity for E. coli, 
which does not require exogenous p.a.b. for growth. Since compounds 
without an aromatic nitrogen (tyrosine, benzoic, and p-hydroxyben- 
zoic acids) had no activity for the Neurospora mutant and did not in- 
crease p.a.b. synthesis by wild-type Neurospora [compare the effect of 
pimelic acid on biotin synthesis by A. niger (137)], it was concluded 
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(20) that the biosynthesis of p.a.b. in Neurospora probably involves 
the introduction of nitrogen into an aliphatic compound prior to the 
formation of the aromatic ring. 

Choline —The synthesis of choline and its functions are probably 
similar in fungi and in animals. Investigations of a “cholineless” mu- 
tant of Neurospora (22) have shown that one probable function of 
choline is the formation of lecithin, which is also active. Another prob- 
able function is that of a source of labile methyl groups, since methio- 
nine has a sparing action on choline for the Neurospora mutant, but 
cannot replace choline. In animals, ethanolamine can be converted to 
choline by methylation. [See Borsook & Dubnoff (147) for a sum- 
mary of recent work.] The synthesis of choline by the Neurospora 
mutant may be blocked in this methylation, since the methyl group of 
methionine cannot be used in choline synthesis and since ethanolamine 
is inactive for the “cholineless” mutant (22). 

Pyrimidines. — Results obtained with two different pyrimidine- 
requiring mutants of N. crassa have shown (148) that uracil and 
cytosine nucleosides have from 10 to 60 times greater activity for 
these strains than free uracil. Loring & Pierce (148) point out the 
similarly greater activity of nucleosides in animal nutrition, and sug- 
gest that nucleosides may also be more active for other microorganisms 
which require pyrimidines (149, 150). Since cytosine was inactive, 
while both cytidine and cytidylic acid were active, it was concluded 
(148) that cytosine is probably not a normal intermediate in the syn- 
thesis of the corresponding pyrimidine nucleoside or nucleotide. These 
results may indicate also that cytosine is not concerned in the normal 
synthesis of uracil. Presumably the deamination of cytosine can take 
place only in the nucleoside or nucleotide. The greater activity of the 
nucleosides compared to the nucleotides may be a question of rate of 
absorption. 

Amino acids.—Most fungi can synthesize their amino acids from 
inorganic nitrogen, as demonstrated by the isolation of most of the 
known amino acids from mycelial proteins (151, 152, 153). Methio- 
nine and cystine may be present in certain fungi in low concentrations 
(154). With most fungi investigated, however, growth is improved 
by the addition of amino acids, which indicates that the rate of amino 
acid synthesis may be limiting (11, 155), as with many bacteria. At- 
tention was first drawn to the similarities in the amino acid require- 
ments of the rat and of bacteria by Fildes & Richardson (156) and by 
Mueller & Kapnick (157). Recent investigations have in general sup- 
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ported the analogies. Most amino acids which cannot be synthesized, 
and exogenous sources of which are therefore required, are character- 
ized by having either rings or branched chains, or organic sulfur. 
However, exceptions to this generalization are known [for earlier 
references see (77) |, for certain bacteria may require glycine, aspartic, 
and glutamic acids, or even glutamine (158, 159, 160). All the mutant 
strains of Neurospora crassa which have been studied are characterized 
by their inability to synthesize particular amino acids, all of which with 
the exception of proline are also amino acids essential for the rat. It 
is of interest that of the amino acids so far investigated by nitrogen- 
balance experiments in humans, threonine, leucine, isoleucine, and 
phenylalanine are essential, as they are also for growth of the rat, 
while histidine is not (161). Only one amino acid not essential for 
the rat, viz. proline, is required by a mutant strain of Neurospora 
(162). 

Since the syntheses of amino acids by the mutant strains of Neu- 
rospora are probably blocked in single reactions which in most cases 
lead to deficiencies in single specific amino acids (21), at least the 
final steps in the synthesis of each of these amino acids must be char- 
acteristic and different. The direct genetic control of these syntheses 
in Neurospora therefore suggests that deficiencies in other forms for 
each of these amino acids may be independent and may be due to anal- 
ogous specific gene mutations. According to this general concept, 
deficiencies for the other “‘nonessential’’ amino acids are rare or un- 
known for one or both of the following reasons. Their synthesis may 
involve reactions common to the synthesis of other biologically essen- 
tial substances so that a mutation would have a lethal effect, or there 
may be a number of different synthetic paths for each of these amino 
acids so that a number of mutations would be required to block its 
synthesis. These nonessential amino acids would also have in common 
their easy and relatively direct formation from sugar and sugar degra- 
dation products. 

With the exception of alanine, and the dicarboxylic amino acids, 
there is rather little information available on the early reactions in 
the formation of amino acid carbon skeletons from sugars. Studies 
on the utilization of amino acids as carbon and as nitrogen sources by 
A. niger (163, 164) have led to the view that those amino acids in 
which the nitrogen was as available as ammonium nitrogen and in 
which the availability of carbon approached that of sugar carbon, con- 
stituted a group of primary amino acids formed fairly directly from 
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sugar. These amino acids included no branched chain or aromatic 
amino acids. In these experiments a mixture of proline, glutamic 
acid, and ornithine was utilized almost as well as a source of both 
carbon and nitrogen as sucrose and ammonium salts. Somewhat simi- 
lar experiments with Endomyces vernalis (165) have indicated that 
in this yeast added lactic and pyruvic acids and acetaldehyde do not 
increase protein synthesis, and that glycine, aspartic acid, and alanine, 
classed by Steinberg as primary amino acids, do not serve as carbon 
sources. Interpretations of such results are questionable, since they 
are based on the unproved premise that amino acids are formed from 
and reconverted to sugars by the same biochemical pathway. 

As mentioned above, most amino acid mutant strains of Neurospora 
crassa specifically require only one amino acid and the genetic block 
in these cases is therefore in a reaction specific to the biosynthesis of 
only one amino acid. Studies on a number of these mutant strains 
have provided information as to the mechanisms of certain biosyntheses 
and as to the nature of the genetically blocked reactions. The results 
confirm the expectation (21) that different genes control different bio- 
chemical reactions and that the number of different mutants affecting 
a given synthesis is a measure of the number of biochemical steps 
directly involved in the synthesis. 

One mutant strain of Neurospora crassa has been found to require 
the two amino acids isoleucine and valine in an optimal ratio of 70 to 
80 per cent valine and 30 to 20 per cent isoleucine (166). An inade- 
quate supply of valine can be supplemented by leucine. Since this 
strain presumably is blocked only in one step, the syntheses of isoleu- 
cine and valine must involve either a common precursor or a common 
reaction. The activity of leucine under appropriate conditions indi- 
cates either a partial replacement of valine by leucine or an intercon- 
version of these two amino acids. Certain observations with bacteria 
also suggest interrelations between these three amino acids (16/7, 
168). 

Arginine is another amino acid the biogenesis of which has been 
studied in fungi. Srb & Horowitz (169) have investigated fifteen 
mutant strains of N. crassa and have shown that the synthesis of argi- 
nine in Neurospora involves an ornithine cycle similar to that demon- 
strated in mammalian liver (170). [See Borsook & Dubnoff (147).]} 
Seven genetically different mutant strains have been shown to be un- 
able to carry out certain steps in the synthesis. One strain cannot 
convert citrulline to arginine, two are unable to convert ornithine to 
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citrulline, and four cannot synthesize ornithine. Since the two which 
are unable to make citrulline from ornithine are genetically different, 
two steps in this conversion are indicated on theoretical grounds. 
Similar reasoning suggests at least four steps in the synthesis of orni- 
thine. The cyclic nature of these reactions in the wild type strain was 
proved by the demonstration of the presence of arginase and urease 
and by the isolation of ornithine formed from added arginine by Neu- 
rospora arginase. This is the first demonstration of the functioning 
of the ornithine cycle in plants, and may explain the role of urease in 
plants if this cycle is of general occurrence, as seems likely. 

The biosynthesis of tryptophane in Neurospora crassa has been 
found (171) to involve a reaction in which indole and serine are con- 
densed, apparently by an intramolecular dehydration perhaps anal- 
ogous to the intermolecular dehydration of serine by E. coli (172). 
It was shown that only /-serine was active, and that the product (iso- 
lated as acetyl-dl-tryptophane) was /-tryptophane. Evidence was pre- 
sented that a similar reaction is involved in the synthesis of trypto- 
phane by E. coli, and that the production of indole by this bacterium 
takes place through a reversal of the condensation reaction rather than 
by the scheme proposed by Krebs et al. (173). The participation of 
serine in the synthesis and breakdown of tryptophane adds another 
biological reaction of serine to those described by Binkley & du 
Vigneaud (174), Stetten (175), and Chargaff & Sprinson (172). The 
synthesis of tryptophane in one mutant strain of Neurospora has been 
found to be blocked before anthranilic acid, and, in another, between 
anthranilic acid and indole (176). Anthranilic acid was isolated as a 
product of the mutant which is unable to convert it to indole. These 
results, together with the inactivity of theoretically possible intermedi- 
ates between indole and tryptophane prove that in Neurospora trypto- 
phane is synthesized by way of anthranilic acid and indole, as is also 
probable with certain bacteria (177, 178), and by the conversion of 
indole to tryptophane in a single step (171). 

The available evidence indicates that the biosynthesis of many 
amino acids proceeds by oxidation of the alpha hydroxy acid and by 
amination of the keto acid. However, evidence is accumulating which 
suggests that this may be true only for the primary amino acids which 
can be formed directly from sugar degradation products ; the keto acid 
analogues of valine (166) and of leucine (179) are fully equivalent to 
the amino acids for the appropriate mutant strains of Neurospora. 
However, the utilization of the two hydroxy acid analogues seems to 
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require a preliminary period of “adaptation” (see p. 685) and there- 
fore the hydroxy acid analogues may not be normal intermediates in 
these syntheses (161). Keto acids might be formed directly from un- 
saturated acids, perhaps by reactions analogous to those suggested 
for the oxidation of crotonic acid (180). In the mutant which requires 
both valine and isoleucine a mixture of the two hydroxy or keto acids 
is inactive. However, either keto acid is active in the presence of the 
other amino acid. Since only one reaction should theoretically be 
blocked in this mutant it has been suggested that the synthesis of the 
two amino acids valine and isoleucine may not normally involve the 
keto acids (166). Tryptophane is synthesized from indole and serine 
by Neurospora and probably by E. coli, and indolepyruvic acid is in- 
active for Neurospora (171). The direct amination of the keto acid 
analogue is therefore not a normal step in this biosynthesis. The 
ability of EZ. coli to produce tryptophane from the keto acid (181) may 
have no relation to the normal biosynthesis. Altogether there is now 
good evidence that a number of amino acids can be synthesized bio- 
logically by reactions other than the direct reductive amination of the 
keto acid analogues—that is, by reactions in which the amino group 
is introduced prior to the final step in the synthesis. These amino 
acids include tyrosine (182), aspartic acid (183), cystine (174, 175), 
tryptophane (171), arginine (169, 170), possibly serine and threonine 
(172), and perhaps isoleucine and valine (166). Although the rat can 
aminate the keto acid analogues of all the amino acids tested except 
lysine, it cannot synthesize any of the essential amino acids from 
simpler constituents. These considerations suggest that the amination 
of a keto acid cannot be taken as proof of the function of the keto acid 
analogue as an intermediate in the normal biosynthesis of an amino 
acid. 

The symmetric synthesis of racemic amino acids may not take 
place in the rat (184) and the unnatural isomers may even be inhibi- 
tory or toxic to animals (185), or microorganisms (167). However, 
the synthesis of the unnatural forms of leucine and valine by certain 
bacteria (186 to 189), and of d/-alanine (isolated as fumaryl-d/-alanine) 
by a mold (190) seems to be well established. The inactivity of the 
unnatural enantiomorphs of tryptophane and serine (171) for Neu- 
rospora suggests asymmetric synthesis of at least these amino acids, 
although symmetric synthesis followed by oxidative deamination is 
not excluded in other instances. The activity of unnatural isomers of 
amino acids for mutant strains of Neurospora is in general correlated 
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with the ease of their attack by d-amino oxidase from Neurospora 


(191). 


ADAPTATION AND CHANGES IN SYNTHETIC CAPACITY 


The general concept of the genetic control of biosynthesis permits 
a satisfactory genetic interpretation of three of the four classes which 
Fries (107) suggested for fungi on the basis of their responses to 
growth factors, and which have in general been accepted (11, 58). 
Fungi with fully adequate synthetic capacities and those with abso- 
lute deficiencies may result from either full activity or complete loss 
or inactivity of genes controlling the syntheses. Those fungi with 
limited synthetic capacities which are therefore markedly stimulated 
by added growth factors may result from allelic forms of these genes 
with limited synthetic activity. The last group, those in which an 
apparently completely lacking synthetic capacity is restored under dif- 
ferent environmental conditions, is less easily explained. [See also 
Schopfer (58), p. 198.] Some examples of the induction of such 
changes in synthetic capacity in fungi are the effects of salt concen- 
tration on thiamin synthesis by Pythium butleri (192), of temperature 
on Z-factor (hypoxanthine) synthesis by Phycomyces (193), and of 
the nitrogen source and acidity on biotin synthesis by Mitrula paludosa 
(16) and on the synthesis of biotin, inositol, and pyridoxin by Tricho- 
phyton album (194). As with yeast (195, 196) vitamins or amino 
acids may influence the synthesis of certain vitamins in fungi (12, 
197). 

Changes in which a synthetic ability is regained are not irrecon- 
cilable with the concept of genetic control of these syntheses. Certain 
syntheses may be likewise restored in Neurospora mutant strains by 
environmental changes apparently without affecting the genes con- 
cerned. This is seemingly true in the synthesis of pyridoxin by the 
“pyridoxinless” strain at a pH above 5.8 in the presence of ammonium 
salts (198) and in the synthesis of arginine by one of the “arginine- 
less” mutants at pH of 6.7 or higher (169). In both cases the mutant 
genes are apparently unchanged. 

Another phenomenon which possibly bears on this general problem 
is that of ‘‘adaptation.”” This term has been used to denote the ability 
of a mutant strain of Neurospora to redevelop a lost synthetic capacity 
after a definite lag period following inoculation (166). This phenome- 
non seems to be fairly common in a number of mutant strains of Neu- 
rospora (144, 166, 179), but in certain cases investigated the adapta- 
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tion apparently has not involved genetic changes, although others may 
be found to do so. This phenomenon of adaptation may be similar to 
“training” of yeasts or bacteria with resulting modifications in syn- 
thetic capacities (25, 79). 

There are at least two possible explanations for such non-genetic 
changes in synthetic ability. One is based on the view that mutation 
of a gene to the recessive form may not result in a complete loss of 
function. In this case a modification of the environmental conditions 
might increase the rate or efficiency of the limiting synthesis (see also 
p. 690), similar to the influence of cultural conditions on the synthesis 
of riboflavin by yeast (75). The other possibility is that there may 
be more than one biochemical pathway by which a given compound 
can be synthesized. This has been suggested (166) as an explanation 
of the phenomenon of adaptation, but may equally well apply to syn- 
thetic abilities regained in response to environmental changes. In both 
cases latent or alternative mechanisms may become functional, possibly 
through the development of adaptive enzymes. The production of 
adaptive enzymes [see (199)] in genetically controlled yeast popu- 
lations has recently been studied (200). 


INHIBITIONS 


Complex interrelationships between amino acids which result in 
inhibition of growth by certain amino acids and the antagonism of 
this effect by other amino acids are known in bacteria (126, 167, 168, 
201 to 207). Analogous phenomena have been found in Neurospora 
(166). Inhibition of growth responses to vitamins by structurally re- 
lated analogues has been noted in bacteria (143, 208 to 211) and in 
fungi (15, 20, 212). In general both types of inhibition seem to affect 
primarily the utilization of a vitamin or amino acid when the organism 
requires an outside source, although there are exceptions with amino 
acids (167, 168, 205, 206) and with sulfanilamide (20). In one type 
of inhibition, therefore, the effects are in some way related to the syn- 
thetic capacity of the organism, as clearly shown in the case of the 
pyridine analogue of thiamin, pyrithiamin. This inhibits most actively 
organisms with a requirement for intact thiamin, and has almost no 
effect on those with no requirement either for thiamin or for its com- 
ponents (212). The failure to inhibit the latter class of organisms 
seems not to be due to an increased synthesis of thiamin as contrasted 
with the effect of sulfanilamide on certain bacteria (106). 
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CULTURAL SPECIFICITY AND CULTURAL CONDITIONS 
AFFECTING MoLp PRopUCTS 


There is no inherent reason why the genetically controlled reactions 
in Neurospora should be fundamentally different from analogous re- 
actions in other fungi such as Aspergillus or Penicillium, in which 
genetic analysis is impossible as yet. Furthermore, it is probable that 
the biochemical processes involved in the formation of simple or com- 
plex organic acids, of pigments, and of antibiotic agents are qualita- 
tively similar to those involved in the gene-controlled synthesis of 
vitamins and amino acids in Neurospora. The conclusion is therefore 
almost inescapable that the metabolism of other fungi must also be 
under more or less direct genetic control. 

The available evidence indicates that the three perhaps too arbi- 
trarily defined classes of mold products—acids, pigments, and certain 
antibiotic agents—which all arise ultimately from sugar, may have 
definite biochemical relationships (see p. 691). The biological pro- 
duction of these substances is apparently strictly analogous, in species 
and strain specificity, and in modification by environmental and cul- 
tural conditions, to the synthesis of vitamins by fungi. 

The species, and even to a greater extent the strain, specificities 
of molds in the production of simple organic acids such as succinic, 
oxalic, and citric acids (1 to 5) have been repeatedly demonstrated 
(213 to 216). Similar specificities are shown in the production of 
more complex organic acids and pigments [see Raistrick (4)], and 
have more recently been found in the production of different antibiotic 
substances (217 to 224). 

Recent investigations have also shown that a number of closely 
related acids, pigments, and antibiotic substances may be produced by 
several strains of the same species, or even by strains of different 
species, of fungi. This fact indicates that the syntheses of these sub- 
stances is intimately correlated with metabolic reactions or sequences 
common perhaps to all species and strains. A number of such inter- 
relationships in the production of complex organic acids and pigments 
have been described (4, 225 to 228). Strains of both Aspergilli and 
Penicillia may produce citrinin (213, 229, 230). Clavicin from A. cla- 
vatus (219, 231), claviformin from P. claviforme (232), and patulin 
from P. patulum (233) have been shown to be identical (234, 235). 
Antibiotic agents either closely related to or identical with penicillin, 
originally from P. notatum [for references see (223)] are apparently 
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produced also by P. chrysogenum (236) and by A. flavus (237, 238) 
and A. flavipes (239). In a number of instances it has been established, 
as has been pointed out (220, 240), that more than one antibiotic agent 
may be produced by a given strain (217, 223, 238), presumably by 
independent mechanisms. 

The influence of cultural conditions in the production of organic 
acids and pigments by molds has been discussed in previous reviews 
(5, 241), and additional instances have been described (242 to 245). 
Similar examples of modification of the production of antibiotic sub- 
stances by fungi are also known. The formation of aspergillic acid by 
A. flavus requires complex organic nitrogen (224), and the production 
of clavicin by A. clavatus is markedly affected by the pH of the medium 
(219). The production of flavicin (similar to or identical with penicil- 
lin) by A. flavus is influenced by the addition of corn steep water and 
by aeration (220). The production of penicillin is increased by the use 
of lactose as a carbon source (246), by certain nitrogen sources, by 
aeration, and by trace elements, especially zinc (223). Foster et al. 
(223) have shown that zinc catalyzes the complete oxidation of glu- 
conic acid, as previously shown for fumaric acid (242), and so prevents 
the pH from falling to a level unfavorable for penicillin production, but 
favorable to the production of clavicin. Aeration has a similar effect 
on the production of aspergillic acid and penicillin (238). 


NATURE AND ACTION OF ANTIBIOTIC AGENTS FROM FUNGI 


An adequate understanding of the production and action of anti- 
biotic substances must of necessity depend on the determination of 
their chemical structure. Although little information is at present 
available on certain products, especially penicillin, more is known of 
the chemical nature of others. It seems likely that most, if not all, 
will eventually be found to have definite relationships to previously 
known products of mold metabolism or to substances involved in this 
metabolism, so that both their origin and action will be understandable. 

A number of previously known mold products, citrinin, penicillic 
acid, spinulosin, and fumigatin (247 to 250) have been found to have 
antibiotic action, and even more active synthetic analogues of fumi- 
gatin and spinulosin have been prepared (251). Penatin (240, 252, 
253, 254) [notatin (255), coli-factor (256), penicillin B (257)] has 
been identified as a flavoprotein which owes its activity to the pro- 
duction of hydrogen peroxide (258, 259, 260). The antibacterial ac- 
tion of enzymatically produced hydrogen peroxide has been conclu- 
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sively demonstrated with xanthine oxidase (261, 262). Patulin (see 
above) has been identified as anhydro-3-hydroxymethylene-tetrahydro- 
y-pyrone-2-carboxylic acid, with the formula C;H,O, (233), and 
therefore related to kojic acid (5-hydroxy-2-hydroxymethyl-y- 
pyrone). 

The structures of other antibiotic substances have not yet been 
established or revealed, although the empirical formulae of aspergillic 
acid, probably C,.H2)>N-.O, (224), of gliotoxin (263), C,;H:.N.O,S, 
(264), and of helvolic acid, Cs2H4,Os (265) are known. Two decom- 
position products of penicillin have been reported, penillic acid (266) 
and penicillamine hydrochloride, C;H,,0,N.HC1 (267). On the basis 
of this formula and from the chemical behavior of penicillamine, 
Abraham et al. (267) suggest that this portion of the penicillin mole- 
cule may be related to an amino sugar or to ascorbic acid. The relation 
of ascorbic and penicillic acids to the tetronic acids has been previously 
pointed out by Raistrick (4). 

With the exception of clavicin (see above) the mode of action of 
these substances is unknown, although the available evidence suggests 
the inhibition of essential metabolic functions of susceptible organisms, 
as with the sulfa drugs, by competition with closely related substances 
involved in these functions. Raistrick (4) has pointed out the possible 
respiratory functions of a number of mold products, some of which 
have subsequently been shown to have antibiotic properties. The antag- 
onistic relationships of iodinin (from Chromobacterium iodinium, 
268) and of other p-diazine-di-N-oxides (269) to hydroxy-naphtho- 
quinones and anthraquinones have been pointed out by Mcllwain. 
Certain naphthoquinones which are related to vitamin K are essential 
growth factors for bacteria (270) and are synthesized by others (271), 
while a number of anthraquinone derivatives are produced by fungi 
(4). The bacteriostatic effect of sulfonamides has been correlated with 
their ability to form tautomeric quinone-like compounds (272). 
Tyrothricin may owe its activity to a quinone-like structure (273). 

Studies on the specificity of action of a number of antibiotic agents 
(274, 275, 276) have supported these general relationships since cer- 
tain agents (actinomycin, clavicin, and gliotoxin) act on certain fungi 
as well as on bacteria. The antagonism of these agents by pyridoxin 
or by peptone for Ceratostomella ulmi (276) seems likely to be indi- 
rect, through an increased synthesis of natural (and possibly meta- 
bolically essential) antagonists. Other reported relationships include 
the synergistic effects of p-aminobenzoic acid or sulfapyridine on peni- 
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cillin activity (277) and the inhibition of urease activity by purified 
penicillin (278). Although the relations of concentration of penicillin 
and streptothricin to activity are different, the two have an additive 
antibiotic effect (275) and both affect division of bacteria (275, 279). 

In view of these various relationships it seems reasonable to con- 
clude that the various mold products—acids, pigments, and antibiotic 
substances—may represent normal metabolic products or cell constitu- 
ents, or perhaps represent closely related substances formed from 
these. The formation of a pigmented product from p-aminobenzoic 
acid by bacteria (280) may illustrate such a secondary reaction. The 
time relations in the production of patulin (clavicin) suggest that this 
antibiotic substance is excreted continually during growth (218). On 
the other hand, streptothricin, suggested to be a metabolic waste prod- 
uct (281) of Actinomyces lavendulae, seems rather to be a product of 
cell synthesis which is liberated by enzyme action or autolysis only 
after active growth has ceased (282). Similar time relations in the 
production of penicillin (223) suggest a possibly analogous situation. 
In any case it seems probable that the inherent capacities for the forma- 
tion of these various substances are genetically controlled. As may 
also be true in the synthesis of vitamins and amino acids, the effects 
of environmental conditions can be tentatively attributed in certain 
cases to the modification of metabolic reactions, resulting in the pres- 
ence of varying amounts of intermediates required for the syntheses. 
The effects of these intermediates would be analogous to the effects 
of pimelic acid and cystine on biotin synthesis (137), of complex nitro- 
genous compounds on aspergillic acid production (224), of certain 
amino acids on gramicidin and tyrocidine synthesis by bacteria (283), 
and on streptothricin production by actinomycetes (281, 282). Another 
possibility is that the rates of specific syntheses may be increased under 
definite metabolic conditions modifiable by aeration, pH, or other con- 
ditions, as indicated for the synthesis of certain vitamins. A third 
possibility is that certain cultural conditions may facilitate selection 
of certain advantageous nuclear combinations from a complex hetero- 
caryon (see p. 675). Foster et al. (223) have shown that the “degen- 
eration” of cultures of P. notatum (284) involves the production of 
sub-strains which vary widely in the production of spores, pigments, 
and penicillin. Similar “variant” strains of A. flavus have been derived 
which vary in the production of aspergillic acid (285). The occurrence 
of this phenomenon in genetically homogeneous strains would neces- 
sitate an extremely high frequency of gene mutation, and it seems more 
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likely that each strain is a heterocaryon and that selection results in 
redistribution of heterogeneous nuclei so that the resulting sub-strains 
more nearly approach nuclear homogeneity. 


INTERRELATIONSHIPS OF MOLD PrRopDUCTS 


The wide variety of acids and pigments formed by various species 
and strains of fungi has provided a rich field for chemical investigations 
of the nature of these products. It is felt that a tentative interpretation 
of the biogenetic relationships of these mold products is now possible. 
Although such an attempt must necessarily be speculative and incom- 
plete, it may prove of value as a working hypothesis. 

All the products obtained from molds must ultimately have come 
from sugar, and the relatively high yields of certain compounds such 
as kojic acid, catenarin, and helminthosporin suggest, as pointed out 
by Raistrick (4), that the compounds* represent end products of 
carbohydrate metabolism. Most of the mold products so far reported 
may be classified as derivatives of a rather limited number of chemical 
groups. Raistrick has pointed out the occurrence of analogously sub- 
stituted rings in a number of substances belonging to different groups. 
This suggests that the various ring systems are built from common 
structural units and that the syntheses involve analogous biochemical 
reactions. 

The strain specificities of fungi in the production of the various 
compounds, and the indicated relationships between these substances, 
together with the general theoretical relationships between biosyn- 
thesis and genes, suggest that the synthesis of these mold products is 
genetically controlled. The genetic control of biosyntheses, many of 
which also involve the formation of specifically or characteristically 
substituted aromatic rings, has been demonstrated in the mold Neu- 
rospora. Syntheses in plants of heterocyclic aromatic rings (antho- 
cyanins, anthoxanthins, and chalcones) with different substituent 
groups have been definitely shown to be under the direct control of 
specific genes governing different biochemical steps (61, 286). All 
three types of these plant pigments are thought to come from common 
precursors which are formed more or less directly from sugars. The 
occurrence of the differently modified pigments in different plants is 


3 Specific references will be given here only for compounds not included in 
Raistrick’s review (4). Page numbers in parentheses after a compound or type of 
compound refer to pages in Raistrick’s review. 
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analogous to that of various mold products in different strains and 
species of molds. 

The proposed interrelationships of mold products would also in- 
volve the gene-controlled, perhaps sequential, formation of a number 
of intermediate aliphatic compounds from sugars or sugar derivatives. 
The various end products could arise from these intermediate com- 
pounds through different types of ring closures. Minor alterations in 
structure, such as effected by oxidation and methylation, as in the 
biosynthesis of plant pigments, might occur either before or after ring 
closure, but would likewise be controlled by specific genes. The 
accompanying diagram presents some of the possible interrelationships 
between the different chemical groups, as well as a few examples of 
relationships and modifications within the groups. There are two main 
groups of relatively simple alicyclic compounds which could be formed 
fairly directly from hexose sugars or their metabolic products: the 
y-lactone tetronic acid derivatives (1) (p. 583), possibly including 
terrein, minioluteic acid (287), and spiculisporic acid (288); and 
kojic acid and patulin (II) (233). Most of the other known products 
are derivable from aromatic intermediates of two general types, repre- 
sented as A and B, which may be formed by ring closures in different 
positions. These and other bracketed compounds in the diagram repre- 
sent hypothetical type intermediates. Monocyclic products of type A 
include a number of hydroxybenzoic and hydroxycinnamic acid deriva- 
tives (p. 585), and the toluquinones, fumigatin (III), and spinulosin 
(p. 572). Monocyclic products of type B include 6-hydroxy-2-methyl- 
benzoic acid, mellein (IV) (p. 585), and 3,5-dihydroxyphthalic acid 
(289). The more complicated ring structures could be formed by con- 
densations of two intermediates, either A + A or A+ B. Only one 
or two representatives of each group are included in the diagram and 
discussion, since the other known representatives differ from the type 
compound primarily in the number or location of hydroxy or methoxy 
groups. One type of condensation of intermediates A + A, perhaps 
those also common to the synthesis of the toluquinones, would result 
in the formation of phoenicin (V) (p. 573). Another type of conden- 
sation of intermediates A + A, possibly by way of a benzophenone 
such as VI, would lead to the formation of hydroxyxanthones (p. 580), 
ravenellin (VII), and rubrofusarin, in which the linkage is structur- 
ally analogous to that in plant anthoxanthins. The formation of VIL 
from VI is similar to the production in vivo from sulochrin (VIII) 
of the hydroxyxanthone (IX) (p. 589). Benzophenone derivatives 
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which could be formed by condensations of A + B include sulochrin 
(VIII) and the related chlorine compounds geodin and erdin (p. 587). 
The linkage in this class is analogous to that in plant chalcones. A sec- 
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ond similar ring closure in benzophenone type intermediates similar 
to VIII would result in the formation of 2-methyl anthraquinones 
(p. 578), such as helminthosporin (X) and w-hydroxyemodin (X1), 
or their reduction products, the anthranols (p. 579), such as penicilli- 
opsin (290), which is probably a dimeride of w-hydroxyemodin an- 
thranol (XII). 

If these general relationships hold it would then be possible to 
account for the amounts of the various mold products in certain cases 
and for their diversity and strain specificity on the basis of gene-con- 
trolled biochemical reactions. This hypothesis would be supported by 
evidence that the simpler compounds are actually precursors of or 
related to precursors of the more complex substances, by competition 
for common precursors as with plant pigments, or most satisfactorily, 
by the demonstration of the genetic control of these specific reactions 
in fungi. 


MISCELLANEOUS 


No additional information regarding the mechanism of synthesis 
of succinic and citric acids by fungi has been reported since the demon- 
stration by Foster et al. (291) that carbon dioxide is involved. This 
work and its implications have been reviewed by Krebs (292). The 
participation of four carbon dicarboxylic acids in respiration and 
growth of Neurospora has been demonstrated (96). The results were 
similar to those obtained with Avena (293). The rapid uptake of 
inorganic phosphate by A. niger during the aerobic production of 
citric and gluconic acids seems to involve the formation of organic 
phosphates or of polyphosphates (294). Further studies on alcohol 
production and on dehydrogenations by Fusaria have been reported 
(295, 296, 297). The results are not inconsistent with the operation 
in vivo of a mechanism similar to that in cell-free yeast preparations, 
including the function of diphosphopyridine nucleotide (298). As in 
yeast, sulfur acts as a hydrogen acceptor (299). The enzymatic break- 
down of alanine by Fusaria is also apparently normal (300). 

Mold metabolic products isolated include trimethylsulochrin (301), 
and caldariomycin, C;H,O.Cl, (302). The structures of the anthra- 
quinones, erythroglaucin and catenarin, have been established (303) 
and the structure of stipitatic acid has been investigated (304, 305). 
A number of lipid and polysaccharide constituents of mold mycelium 
have been reported. These include a crystalline fungus-cerebrin from 
A. sydour (306), further investigations of the lipids of Blastomyces 
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dermatiditis (307), the isolation from Penicillia of the polysaccharides 
luteose (308) and sclerotiose (309), and the isolation of an immuno- 
logically active polysaccharide from Coccidtoides immitis (310). 

The biochemical adaptability of fungi is illustrated by a mold which 
will grow in saturated copper sulfate or 2.5 N sulfuric acid solutions 
(311), and by the first reported instance of the production by a fungus 
of methyl mercaptan from sulfate (312). 

Different methods of assays for penicillin have been compared 
(313), and modifications of the Oxford cup method (314) have been 
suggested for penicillin (315) and for streptothricin (316). Assays 
for antiobiotic activity by turbidimetric methods (317, 318) and indi- 
rect methods which depend on inhibition of bacterial luminescence 
(285, 319) or hemolysin production (320, 321) have been suggested. 
The inactivation of penicillin for sterility tests (322) has been further 
investigated (323, 324). Methods for the production of citrinin (247, 
325) and penicillin (326), and for the clinical use of crude penicillin 
(327) and of penicillin esters (328, 329) have been developed. 

Microbiological assays for certain amino acids and vitamins have 
been developed in which either the rate of growth (330) or the dry 
weight of mycelium of mutant strains of Neurospora is measured. 
These include assays for leucine (179, 331), p-aminobenzoic acid 
(332), pyridoxin (131, 333), and choline (22). 
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Minneapolis, Minnesota 


INTRODUCTION 


Histochemistry is still in that early stage of development where 
attention has been, of necessity, focused largely on techniques and 
methods that can be brought to bear toward the solution of its prob- 
lems. The applications of the tools already acquired, as would be 
expected in a broad field, have followed highly diverse paths. While, 
admittedly, it would be preferable to base a review on the evolution 
of the applications, in the present case there are few common threads 
that can be followed. Hence, in the hope of achieving greater clarity 
and homogeneity, the reviewer has chosen rather to discuss the field 
from the point of view of the particular techniques that have been 
elaborated, and to treat together the applications of each general 
technique. 

Since histochemistry has not been the subject of a previous review 
in these volumes, the author has considered it desirable to present 
more than an “annual” review in order to furnish a more complete 
and integrated picture of this young and rapidly growing border- 
science. 


STAINING TECHNIQUES AND APPLICATIONS 


In contrast to the extensive development and use of staining 
reactions for purely morphological studies of tissues and cells, the 
identification of chemical components by staining is still in a relatively 
primitive state. Since the usefulness of this technique is limited for 
the most part to qualitative detection, its importance might be under- 
estimated ; however, it often serves, as no other technique can at 
present, to enable localization of chemical components in tissues whose 
cell types or cytological parts cannot be adequately separated. In the 
case of a few compounds such as glycogen, calcium salts, etc., stain- 
ing procedures have been employed for many years in routine histo- 
logical examinations and these need not be discussed here. 

Ascorbic acid.—The only vitamin for which a staining reaction 
has been extensively used is ascorbic acid. The stain depends on the 
deposition of reduced silver when the ascorbic acid in the tissue 
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interacts with acid silver nitrate; and its chief proponents have been 
Giroud & Leblond who applied the technique to numerous histo- 
logical and cytological studies (1, 2, 3). In answer to many criticisms 
of the silver stain, the specificity of which for ascorbic acid has been 
questioned and the ability of which to detect this compound in certain 
tissues fails even though the vitamin is present, Giroud & Leblond 
claim that a positive reaction is a specific test for the substance but 
admit that the failure of a tissue to give the stain does not necessarily 
mean the absence of ascorbic acid (4). 

Recently, Barnett & Bourne (5) employed the stain to observe 
the distribution of ascorbic acid in the developing chick from the 
fourth day of incubation to two days after hatching. Their results 
were in accord with earlier findings that demonstrated localization of 
the vitamin in the Golgi material of cells. Working with frogs and 
teleosts, Bargmann (6) found that when ascorbic acid was adminis- 
tered parenterally it could be demonstrated in the Golgi apparatus 
of liver cells. 

Enzymes.—Direct microscopic detection of a few enzymes by 
the use of color reactions has been made possible. Linderstrgm-Lang 
& Holter (7) have outlined the tests for peroxidase, phenolase, 
tyrosinase, and dopaoxidase, the “peptolytic enzyme” of Abderhalden, 
and the “oxydo-reductase LM” of Hirsch & Buchman. 

More recently tissue stains for phosphatases have been developed 
and their applications already indicate that they can be expected to 
prove quite important. Independently and simultaneously, by a truly 
rare coincidence, Gomori (8) in Chicago and Takamatsu (9) in Japan 
developed the same stain for alkaline phosphatase based on the fact 
that the enzyme can withstand alcohol fixation and tissue embedding 
so that, when microtome sections are placed in a buffered substrate 
solution containing calcium ion, the enzymatic liberation of phos- 
phoric acid is made apparent by precipitation of calcium phosphate at 
the sites of activity. Application of a calcium stain serves to visualize 
the precipitate. The solubility of calcium phosphate in the lower pH 
range makes it impossible to employ this procedure for acid phos- 
phatase ; hence, for this enzyme Gomori (10) used a lead phosphate 
precipitate which could be made to yield a brown or black stain by 
conversion to the sulfide. 

Takeuchi & Takamatsu (11) studied alkaline phosphatase in 
tuberculous tissue and Gomori (12) investigated the distribution of 
the enzyme in normal organs and tissues. Later he (10) made a 





een 
sto- 
sms 
een 
fain 
ond 
but 
rily 


ve 
the 
ults 
1 of 
and 
nis- 
itus 


ang 
ase, 
len, 


ped 
1 to 
‘uly 
pan 
fact 
ling 
rate 
10S- 
e at 
lize 


10S- 
iate 
| by 


1 of 
lea 





HISTOCHEMISTRY 707 


similar study of acid phosphatase distribution. The latter was found 
to be present in particularly high concentrations in the spleens of a 
variety of species, the human prostate, and certain malignant epithelial 
tumors. Huggins et al. (13) applied the stain for acid phosphatase to 
studies of the effect of castration on prostatic carcinoma. Meanwhile 
Kabat & Furth (14) demonstrated that alkaline phosphatase is par- 
ticularly characteristic of the normal cells of the epithelium of the 
small intestine and of proximal convoluted tubules, osteoblasts, and 
endothelium. It was shown that the enzyme is conspicuous in various 
osteogenic malignancies but absent in certain non-bone-forming types. 
Subsequently Landow, Kabat, & Newman (15) investigated this 
enzyme in the nervous systems of normal and pathological animals, 
and of man. Bourne (16) employed the same stain with some modifi- 
cation to elucidate the distribution of alkaline phosphatase in re- 
generating bone. He found that lessened activity occurred in the 
periosteum and regenerating bone of scorbutic animals and demon- 
strated that the enzyme does not appear to be associated with calcifi- 
cation of the chicken egg although it plays some part in the secretion 
of the shell of certain molluscs. 

Moog (17) found both acid and alkaline phosphatases in the spinal 
cord of the embryonic chick. While the alkaline phosphatase was more 
active during all stages of development, both enzymes could be de- 
tected in fairly high concentration in the neural tissue as early as the 
first day of incubation. During development the alkaline phosphatase 
becomes localized in the white matter throughout; the acid enzyme 
becomes concentrated in the motor groups and the ventral half of 
the cord. Nuclear membranes and all nucleoli appear to contain 
alkaline phosphatase, but nuclei do not show the acid phosphate 
reaction. Later Moog (18) found that manganous sulfate could 
activate the acid phosphatase reaction and thus bring about a darken- 
ing of the pale stain produced in tissues poor in the enzyme. 

Further improvements have appeared lately by Gomori (19) 
who made possible the visualization of insoluble calcium salts, pre- 
existing in the tissue, by converting them to a black precipitate of 
cobalt sulfide, and of calcium phosphate resulting from phosphatase 
activity by staining it a purplish red. He applied this procedure to a 
study of calcification in normal and pathological tissue and showed that 
phosphatase is involved in calcification of living tissue but not in that 
of hyaline connective tissue (19). 

An extensive study of conditions required to yield maximal enzyme 
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activity was recently reported by Wolf, Kabat & Newman (20) with 
the result that the enzyme could be demonstrated in tissues that had 
given negative stains heretofore. These workers applied their modi- 
fied Gomori method to an investigation of acid phosphatase in normal 
and neoplastic tissues of the nervous system (20). 

Before leaving the subject, attention should be called to the inter- 
esting work of Krugelis (21) who presented evidence for the occur- 
rence of alkaline phosphatase in the chromosomes of mouse testes. 

The histochemical demonstration of amine oxidase has been ac- 
complished by Oster & Schlossman (22) who utilized the fact that 
the aldehydes formed by action of this enzyme may be visualized by 
means of fuchsin sulfurous acid. Naturally occurring “plasmal” alde- 
hyde was first bound with bisulfite to prevent interference with the 
detection of aldehyde formed enzymatically when fresh frozen sections 
of tissue were incubated with tyramine in phosphate buffer at pH 7.2. 
These authors found that amine oxidase was localized in the distal 
convoluted tubules of guinea pig kidney and thus attributed a new 
function to this portion of the nephron previously considered chiefly an 
organ of absorption. Substitution of /-tyrosine for tyramine indicated 
the presence of a decarboxylase in the same histological site as the 
amine oxidase. Decarboxylation of the tyrosine is believed to precede 
the oxidation of its amino group in the kidney. 

Hormones.—Bennett (23, 24) developed a histochemical method 
for the demonstration of ketosteroid hormone in the adrenal cortex 
but Gomori (25) showed that this test is not specific. The test de- 
pends on the formation of a yellow phenylhydrazone when frozen 
sections are treated with phenylhydrazine, so that it merely indicates 
the presence of lipids having aldehyde or keto groups, which would 
include Feulgen’s “plasmal.” 

Nucleic acid.—Nucleic acid has been identified in tissues by the 
Feulgen reaction but, as in the case of the silver stain for ascorbic 
acid, a negative result does not exclude the presence of the substance 
(26). A positive color reaction is believed to demonstrate desoxy- 
ribonucleic acid (27). Kelley (28) investigated the mechanism of 
basic dye staining of nucleoproteins. The use of ultraviolet absorp- 
tion methods for detection of nucleic acid will be considered later. 

Bile constituents ——A staining reaction for bile pigments and salts, 
depending on precipitation with barium ion followed by an acid 
fuchsin stain, was developed by a group of Swedish investigators in 
the course of studies on liver function (29 to 32). A reaction for the 
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histochemical demonstration of bilirubin has been reported by Stein 
(33). 

Acid.—Although neutral red has been used in studies of acid se- 
cretion in the stomach (34), the results have been unsatisfactory and 
inconclusive as borne out by the work of Lison (35, 36) and Gersh 
(37). An exhaustive and critical discussion of attempts to elucidate 
the mechanism of acid formation in the stomach has been given by 
Hollander (38). 

Sulfonamides——The present great interest in the sulfa drugs 
lends particular importance to the technique of MacKee et al. (39) 
for the demonstration of these compounds in tissues. The fresh tissue 
is fixed with dry formaldehyde gas, and after sectioning on a freezing 
microtome, the slices are treated with p-dimethylaminobenzaldehyde 
in acid-alcohol solution in order to visualize the sulfa compounds as 
yellow to orange precipitates. Air produces a bleaching effect which 
is obviated by mounting the sections in dammar resin. Applications of 
this staining method should produce results of considerable value. 
Already MacKee et al. (40) have investigated the penetration of 
sulfa drugs into skin. 


MICROBIOLOGICAL TECHNIQUES AND APPLICATIONS 

The effects of a number of biologically important substances on 
the metabolism of certain yeasts and bacteria have been employed as 
a means of assaying many of these substances. The review last year 
by Van Niel (41) gives the later references to these assay methods 
which have dealt particularly with vitamins of the B family. 

A few adaptations of the microbiological technique to histochemi- 
cal studies have begun to appear. Metcalf & Patton (42) determined 
the riboflavin in the Malpighian tubes of the American roach in the 
course of a study on the fluorescence microscopy of this insect. Ear- 
lier, Drilhon & Busnel (43) had obtained evidence of a flavin com- 
pound in the Malpighian tubes and followed this with a report that 
Malpighian cells from the venom glands of Hymenoptera contained 
240 to 670 ug. riboflavin per gm. (44). 

Bonner & Dorland (45) determined the riboflavin and pantothenic 
acid in tomato plants. They observed that both vitamins exist in higher 
concentrations in the apex and young leaves of the plant than in the 
base and older leaves. Pantothenic acid was found to accumulate above 
the basal girdle made by steaming the plant at the second node. Also, 
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an accumulation of this vitamin was noted on the laminar side of the 
girdled petioles of mature leaves. Riboflavin did not accumulate sig- 
nificantly above girdles on the stem base or petioles. 

A preliminary study of the B vitamins in the nuclei of the cells 
of beef heart and mouse mammary carcinoma was reported by Isbell 
et al. (46), and other studies by the University of Texas group in- 
clude changes in the content of B vitamins in tissues as a function of 
embryonic development (47) and of later stages of development (48). 


CHEMICAL TECHNIQUES AND APPLICATIONS 
COLORIMETRIC INVESTIGATIONS 


Colorimetry has found little place in histochemical studies since in 
most cases the more quantitative titrimetric or gasometric procedures 
can be employed with equal or greater facility. However, in a few 
instances, colorimetric methods have offered the advantage of ease or 
simplicity of operation while retaining sufficient accuracy. Thus phos- 
phorus and phosphatase in 50 c.mm. blood samples were determined 
by Lundsteen & Vermehren (49) who used a step-photometer with 
a microcuvette having a capacity of about 0.2 cc. Levy (50) employed 
this instrument in his Kjeldahl method which he used to measure the 
nitrogen in microtome sections of barley grains. This method is suit- 
able for quantities of nitrogen from 0.5 to 6 wg. The step-photometer 
was also adapted to the estimation of lactic acid in the range of 2 to 
10 ug. by Miller & Muntz (51) in their work on carious tooth sub- 
stance, serum, and saliva. 

The most recent of the series of notable papers from Richard's 
laboratory on the quantitative study of the composition of glomerular 
urine is the report by Bott (52) of the concentration of sodium in the 
glomerular urine of Necturi. By the method described, sodium can be 
determined with an accuracy of about +3 per cent in samples as small 
as 0.2 c.mm. which contain as little as 0.3 ug. of sodium. Bott ob- 
served that the sodium concentration of the glomerular fluid is within 
5 per cent of that in the serum, thus contributing more evidence that 
indicates glomerular fluid is an ultrafiltrate of plasma. 


TITRIMETRIC INVESTIGATIONS 


Linderstrgm-Lang-Holter technique—The elaboration of titri- 
metric procedures and their application to histochemical problems 
have resulted very largely from the classical work of Linderstr¢m- 
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Lang & Holter which began in 1931. Their burettes divided in 0.2 
c.mm. graduations, their fine pipettes and magnetic stirring method, 
and their manner of handling individual microtome sections and cells 
have led to the development, by them and their collaborators, of pro- 
cedures for the determination of a variety of enzymes, elements, and 
compounds of biological importance. At the present time the methods 
include measurements of protease, peptidases, pepsin, trypsin, urease 
and other amidases, arginase, carbohydrases, catalase, esterases and 
lipase, calcium, nitrogen, potassium, acid, alkali, glycogen, reducing 
sugars, chloride, amino groups, carboxyl groups, ammonia, and as- 
corbic acid. These measurements can be carried out on separate 
microtome sections, isolated cells such as the sea urchin egg, and cell 
fragments. A number of reviews describing these methods and their 
applications have appeared (7, 53, 54, 55). 

More recent applications of the technique comprise a rather diverse 
group of studies. Avery & Linderstrgm-Lang (56) investigated the 
distribution of peptidase in the Avena coleoptile (phytohormone test 
object). They found that for coleoptiles of 4 mm. or more in length 
a greater enzyme activity per unit weight and per cell exists at the 
tip, and that an approximate parallelism maintains between the pep- 
tidase and auxin gradients. 

Further work on the histochemistry of the stomach by Sgeborg- 
Ohlsen (57) showed that in the hog stomach dipeptidase predomi- 
naies in the epithelium, while aminopolypeptidase and pepsin appear 
mainly in the chief-cell region of the fundus. Cathepsin activity was 
negligible throughout the stomach and no differences in enzyme ac- 
tivities were observed between the full and empty organs. In the case 
of human stomach tissue removed from patients with duodenal ulcers, 
the dipeptidase and aminopolypeptidase activities showed the same 
distribution as in hog stomach. Also in the human tissue slight 
pepsin activity was observed in the pylorus but a great deal was found 
in the fundus, and considerable urease was demonstrated to be present 
in the mucosal surface of the pylorus. 

A group of papers on the histochemistry of the adrenal gland has 
appeared. In one of these papers the distribution of cholinesterase was 
described (58). The enzyme was found to occur in greater concentra- 
tion in the medulla. 

Weil & Russell (59) made a study of plasma phosphatase in rela- 
tion to fat metabolism in rats. Weil & Jennings (60) have extended 
earlier work on the histochemistry of the rabbit kidney to include the 
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distribution of cathepsin, aminopolypeptidase, and esterase. “Cells 
of the proximal and distal convoluted tubules were about twice as ac- 
tive enzymatically as the cells of the ascending and descending tubules 
of Henle’s loop and about 4 times as active as the cells of the collect- 
ing tubules.” Dipeptidase showed essentially the same distribution 
although no activity was observed in cells of the collecting tubules. 
Amylase activity was associated with the cells of the proximal and 
distal convoluted tubules and collecting tubules but none was found 
in the loops of Henle. 

In a study of retinal histochemistry, Anfinsen, Lowry & Hastings 
(61) showed that the usual method of employing alternate sections for 
chemical determination and histological examination could not be 
used because of structural changes that occur every 40 to 50 uw. Hence 
they developed a technique in which the same section could be stained 
for histological study and subsequently used for enzyme measure- 
ment. This is the reverse of the procedure used by Glick & Biskind 
in earlier work on the histochemistry of vitamin C in which staining 
was applied after chemical determination on the same section. An- 
finsen et al. rapidly froze the tissue in isopentane cooled by liquid 
nitrogen, and, after trimming to a block, immersed it in a mixture of 
dry ice and petroleum ether until it was transferred to a microtome 
kept in a cryostat at —20° according to the microtome technique of 
Linderstrgm-Lang & Mogensen (62). The sections, cut at 20 p, were 
dehydrated at —20° with P,O;. Methyl violet was used to stain the 
cytoplasm. The xylol medium was removed, and, after air drying, the 
sections were ready for chemical measurement. This technique ex- 
erted no significant effect on the peptidase or diphosphopyridine nu- 
cleotide in rat liver or the cholinesterase in rat brain cortex. 

The Kjeldahl method for nitrogen which Levy had previously de- 
veloped was modified by Levy & Palmer (63) so as to eliminate dis- 
tillation. The method is based on the reaction of ammonia with 
hypobromite. The authors, in a series of papers on the chick embryo, 
explored the kinetics of dipeptidase action in embryo extracts (64), 
the accumulation of mass, nitrogen, and dipeptidase in embryos of 
from one and one-half to eighteen days incubation (65), and the 
distribution of dipeptidase in the cephalic region of the three-day 
embryo (66). More recently (67) the accumulation of aminopeptidase 
during development of the chick embryo was followed. It was also 
demonstrated that glycylglycyl-d-alanine, in which the carboxyl group 
is carried by the residue of an unnatural amino acid, is hydrolyzed by 
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the embryo extract from the amino end only. Holter & Lindahl (68) 
studied the distribution of peptidase in embryos of Paracentrotus 
lividus during the first sixty hours of development. The enzyme fol- 
lowed the cytoplasm distribution and selective accumulation in the 
embryo could not be demonstrated. 

Pickford (69) carried out a thorough investigation of the distribu- 
tion of peptidase in the salamander gastrula. She observed that /-leu- 
cylglycine was hydrolyzed more rapidly than glycylglycine while dl- 
alanylglycine was split still more rapidly. The d-isomer of the latter 
substrate was not hydrolyzed enzymatically and a possible explanation 
of this fact, based on the increase of pH accompanying hydrolysis de- 
spite buffering, was put forward (70). This explanation will probably 
prove faulty however, since, as Levy (71) has pointed out, the pH 
optima are not particularly sharp and the calculated pH change is not 
sufficient to abolish activity ; furthermore, the possibility that the op- 
tical specificity of peptidases from various sources is different has not 
been considered by Pickford. 

The constancy of dipeptidase activity in the ciliate, Didinium nasu- 
tum, undergoing division and deprived of food, was demonstrated by 
Doyle & Patterson (72). The parent had exactly twice the enzyme 
of each of its daughter cells and four times that of each cell formed by 
the succeeding division. When a paramecium was fed to a didinium 
the enzyme content was found to remain the sum of that of the preda- 
tor and prey throughout the ensuing four hour period of observation. 
This period is approximately the duration of one cell-generation. 

Histochemical studies of the liver of the rat from sixteen to thirty 
days after the beginning of gestation were reported by Dumm (73). 
Changes in the chloride, various forms of phosphorus, glycogen, solids, 
and peptidase were measured, and these data were correlated with the 
changes in the.extracellular and intracellular phases. 

Sawyer (74) followed the development of cholinesterase through- 
out the larval life of Amblystoma punctatum and observed a close cor- 
relation between the enzyme activity and function. When larvae were 
reared in solutions of cholinesterase inhibitors, both enzyme activity 
and physiological reactions could be correlated, and on removal from 
the inhibitor solutions the recovery of both was parallel. The author 
concludes that cholinesterase action is a biochemical criterion of func- 
tional capacity in neuromuscular apparatus, and that the physiological 
development of this system can be assayed in terms of the enzyme 
activity. The reviewer should like to inject the caution that drugs 
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having powerful inhibiting effects on cholinesterase also exert pharma- 
cological reactions that cannot be explained solely by these effects and 
seem, in fact, to be independent of them. For this reason the possi- 
bility should be borne in mind that cholinesterase activity may not be 
the only etiological factor involved in the physiological responses ob- 
served, even though a parallelism may exist between the enzyme ac- 
tivity and these responses. 

A correlation between cholinesterase activity and neuroblast dif- 
ferentiation was observed by Tahmisian (75) who studied the enzyme 
activity of extracts of eggs of Mclanoplus differentialis daily through- 
out their embryonic life. The pH and temperature optima found for 
these grasshopper eggs were similar to the optima reported for mam- 
malian sources. Enzymogenesis was first apparent on the seventh 
day of pre-diapause and continued until the onset of diapause, when 
it ceased. It was resumed during post-diapause at which stage acetyl- 
choline could be detected in the embryo for the first time. 

Kirk technique-——Two years after the first of the series of histo- 
chemical publications by Linderstrgém-Lang & Holter appeared, the 
earliest of a group of papers by Kirk and collaborators was published 
that dealt with methods and applications of “quantitative drop analy- 
sis.” Although developed independently, the volumetric microtech- 
nique employed was similar to that of the Danish scientists, and 
references to the procedures for estimation of calcium, nitrogen, iron, 
phosphorus, and reducing sugars may be found in a review by Kirk 
(76). Improvements in certain of these methods and various appli- 
cations were considered in a subsequent review (77). Since the ap- 
pearance of the latter publication, papers on the formol titration (78), 
potentiometric determination of chloride (79), and estimation of po- 
tassium (80) have been published. A report appeared on the chemical 
metabolism of Paramecium caudatum in which certain of the methods 
were used to follow the formation of acid and the nature of the nitroge- 
nous excretion products under various nutritional conditions (81). 

Conway diffusion apparatus——For the determination of minute 
quantities of volatile compounds such as ammonia, special diffusion 
cells have been developed, chiefly by Conway (82), in which the 
volatile constituent liberated from one solution can be absorbed in a 
separate solution within the same cell. This apparatus has been ap- 
plied to the measurement of ammonia, urea, chloride, and, most re- 
cently, glucose (83). The same end has been accomplished in a 
somewhat simpler manner in certain of the Danish methods (7). 
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Other techniques Employing features of the Linderstrém-Lang- 
Holter technique and the Conway diffusion method, Borsook & Dub- 
noff (84) developed electrometric methods for the determination of 
total nitrogen, ammonia, amino and amide nitrogen, peptides, adenylic 
acid, and nitrates, which they applied to an investigation of the nitro- 
gen metabolism of certain plant and animal tissues. 

A modified Wigglesworth micromethod for chloride was used by 
Dean (85) to show that isolated muscle fibers of frog contained an 
average of 15 X 10°* moles of chloride per cc., with most of the 
chloride localized on the surface of the fibers. This finding, it was 
pointed out, is compatible with the view that the muscle fiber mem- 
brane is impermeable to chloride. Although the procedure employed 
served the investigator well, it should be mentioned that this method 
lacks certain of the technical refinements and advantages inherent in 
the electrometric microdetermination developed by Linderstrém-Lang, 
Palmer & Holter (86), or the similar procedure reported by Cun- 
ningham, Kirk & Brooks (79). 

Before leaving this section, attention should be called to Lowry’s 
clever quartz capillary spring balance (87), of particular interest for 
histochemical work. It has a precision of +0.1 ug. with a maximum 
load of 0.3 mg. Lowry employed the instrument for the study of the 
distribution of dry matter and fat in the gastric mucosa of the hog. 


GASOMETRIC INVESTIGATIONS 


Many histochemical problems require gasometric investigations ; 
however, the techniques available in the past have been, for the most 
part, not sufficiently delicate to permit studies on the minute bits of 
material it is necessary to employ. Fortunately, there has been a no- 
table advance within recent years in the development of gasometric 
methods applicable to histochemical problems, and a few applications 
of these have already been forthcoming. A review of microrespiration 
techniques was published by Tobias (88) this year. 

Cartesian diver micromanometer.—One of the newer methods that 
is certain to be widely adopted and applied is the ingenious Cartesian 
diver ultramicromanometer originated by Linderstrém-Lang (89, 90). 
The instrument is about 1500 times as sensitive as the Warburg ma- 
nometer. The reaction chamber usually employed has a volume of 
about 10 c.mm., and it is possible to measure gas changes down to 
0.001 c.mm. since the volume change corresponding to 1 cm. on the 
manometer scale is in the range of from 0.008 to 0.022 c.mm. 
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The Cambridge group immediately appreciated the potentialities 
of this instrument and soon Boell, Needham & Rogers (91) intro- 
duced a few technical modifications and employed the apparatus for 
the study of the anaerobic glycolysis of the regions of the amphibian 
gastrula. Pieces of the embryo of about 100 yg. dry weight were em- 
ployed and methods of dealing with such small amounts of tissue had 
to be evolved. From this work, it was learned that the dorsal blasto- 
pore lip region had three times the anaerobic glycolysis and ammonia 
production of the ventral ectoderm. Boell & Needham (92) continued 
this investigation by demonstrating that dinitro-o-cresol increases the 
anaerobic glycolytic rate and the effect is more pronounced in the 
ventral ectoderm than in the dorsal lip region. Subsequently, these 
workers (93) extended their studies to include respiration measure- 
ments, and with Koch (94) they determined respiratory quotients of 
the embryonic regions. 

Meanwhile Lindahl & Holter (95), continuing the study of Para- 
centrotus lividus embryos previously noted (68), were investigating 
the respiration of the animal and vegetative halves of these embryos. 
They observed that the oxygen uptakes of the two halves were equal, 
and their sum equivalent to that of the whole embryo. The oxygen 
consumption per embryo per hour was in the range of from 2.8 to 
7.5 X 10-* c.mm., while that of unfertilized eggs was from 0.7 to 
1.2 < 10°* c.mm. per egg per hour. 

Later Boell & Woodruff (96) studied the respiration of single 
Paramecium calkinsi in the Cartesian diver, and showed that the aver- 
age oxygen consumption was 4.3 & 10~* c.mm. per hour for Type I, 
and +.8 & 10 for Type IT. 

Procedures were also elaborated for the measurement of cholines- 
terase (90), thiamin, and cocarboxylase (97). The latter method en- 
ables estimation of as little as 5 & 10°* ug. of thiamin and 5 10° 
ug. of cocarboxylase. The cholinesterase method was applied by Glick 
(98) to a study of the rate of destruction of acetylcholine by the su- 
perior cervical ganglion of the cat, and by Means (99) to an investi- 
gation of this enzyme in the tissues of adult Melanoplus differentialis. 
In the latter work, it was shown that the greatest activity is found in 
the nervous tissues, where it would be expected in accordance with 
the theory of the chemical transmission of nerve impulses. This study 
nicely complements that of Tahmisian (75), already mentioned, on 
the cholinesterase in the developing embryo of the same insect. 

Optical lever microrespirometer—Another type of microrespi- 
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rometer was developed by Heatley, Berenblum, & Chain (100) in 
which the respiration chamber is fitted with a wall of thin mica. A 
change of gas pressure within the chamber causes the mica to bulge 
and a compensating external pressure can be applied to restore the 
wall to its original position as indicated by an optical lever. Heatley 
(101) later described an apparatus in which up to six chambers could 
be used together. This type of instrument is only about 200 times as 
sensitive as the Warburg apparatus and hence lacks the refinement 
of the Cartesian diver manometer. While the Heatley instrument can 
perform all the types of measurement possible on a larger scale with 
the Barcroft or Warburg apparatus, it has the drawback of being 
rather complicated mechanically. Its usefulness, however, has been 
adequately demonstrated by Berenblum, Chain & Heatley (102) in a 
study of the metabolic activities of small amounts of surviving tissues. 

Capillary microrespirometers.—Within a year, still another form 
of microrespirometer was reported by Cunningham & Kirk (103). 
This one is in effect a Barcroft differential manometer of greatly re- 
duced size. The two chambers, which may have various capacities 
down to about 35 c.mm., are connected by a capillary of less than 16 
mm. in length. Pressure changes are determined by the position of a 
droplet of kerosene within the capillary. The instrument can measure 
oxygen uptakes from 0.1 to 10 c.mm. per hour. Like the Heatley 
apparatus, it requires special mechanical construction. Barth & Kirk 
(104) later simplified the instrument. Cunningham & Kirk (105) 
modified the Kalmus open tube capillary respirometer in order to 
measure the oxygen consumption of single Paramecium caudatum 
cells. 

Tyler & Berg (106) announced a capillary microrespirometer of 
the constant pressure type to be used for volume changes down to 
about 0.003 c.mm., and Tobias & Gerard (107) developed a much 
finer respirometer capable of measuring changes of from 5 to 10 & 10-4 
c.mm. per min., and ten or more samples could be handled at one time. 
Tobias (108) has since produced an instrument employing an inter- 
ferometer to measure pressure changes down to about 0.004 mm. of 
mercury. 

Micrometer-burette respirometer—The most recent and among 
the very best microrespirometers are those which have been developed 
by Scholander. These instruments employ a microburette (109, 110) 
that is particularly ingenious, extremely sensitive, and elegantly simple. 
An ordinary micrometer is used to displace the mercury in the reser- 











718 GLICK 


voir of a Rehberg-type microburette. Employing the usual microme- 
ter spindle, the instrument can be considered reliable to 0.1 c.mm. 
However, if the original spindle is replaced by a 4g in. drill rod, the 
accuracy can be extended to 0.02 c.mm. Utilizing the micrometer 
burette, Scholander devised volumetric microrespirometers with sen- 
sitivities of from 0.33 to 0.010 c.mm. per hr. (111), and a micro 
gas-analyzer capable of the quantitative determination of the constitu- 
ents in 10 c.mm. of respiratory gases to within 0.1 per cent (112). 
These techniques were applied, with modifications adapted for each 
investigation, to a study of the gas content of tissue (113), the oxygen 
consumption of dragonfly larvae and sand crabs (114), the estimation 
of nitrogen in 40 c.mm. samples of blood and saliva (115, 116), and 
carbon monoxide in blood (117). Later a series of papers appeared 
on the microgasometric determination of blood gases in which 40 c.mm. 
samples were employed for analysis of oxygen (118) or oxygen and 
carbon monoxide (119), 120 c.mm. samples for nitrogen (120), and 
13 c.mm. samples for carbon dioxide (121). 

While Scholander and co-workers have employed the microburette 
for gasometric measurements, its possible use in titrimetric procedures 
should be pointed out. In its present form, the fine Scholander micro- 
burette and that of Linderstrgm-Lang & Holter are about equally ac- 
curate. However, the principle of employing micrometer calibrations, 
as applied in the former instrument, should permit the construction of 
microburettes of greater sensitivity than is practicable in instruments 
of the latter type employing calibrated glass capillary tubes. The diffi- 
culties attending the use of very fine calibrated glass capillaries are ob- 
viated in the micrometer burette, the accuracy of which is independent 
of the glass bore and the adherence of solution to the capillary walls. 
The utilization of more sensitive micrometers, or drill rods of smaller 
diameter, or both, should enable significant refinement. 

Polarographic microrespirometry will be considered later in the 
section on polarographic techniques. 

Warburg and Barcroft techniques.—It should be pointed out that 
noteworthy histochemical studies have been carried out with the ordi- 
nary Warburg or Barcroft apparatus. The very extensive and excel- 
lent series of papers by Bodine and co-workers on the tyrosinase and 
protyrosinase in the developing grasshopper egg is a clear example. 
In the latest of these Bodine & Tahmisian (122) showed that the ty- 
rosinase content of the parthenogenetic egg is about half that of the 
normal fertilized egg, and evidence was given which suggests that 








he 


lat 
li- 
el- 
nd 
le. 


he 
lat 





HISTOCHEMISTRY 719 


this enzyme is produced by the serosa cells of the parthenogenetic 
embryo, just as had been shown previously to be the case in the normal 
embryo. 

Flexner et al. (123) investigated the oxygen consumption, cyto- 
chrome, and cytochrome oxidase in relation to the histological struc- 
ture of the developing cerebral cortex of the fetal pig. Two critical 
periods were observed: in the first, half way through gestation, cyto- 
chrome and its oxidase both increased significantly ; in the second, 
four fifths of the way through gestation, the Q,, rose to the adult level. 
The Q,, of the chick embryo and its various tissues was determined 
by Romanoff (124) who found that, while the quotient for the whole 
embryo decreases with development, the rate in the anterior exceeds 
that in the posterior region during the period of predominant neuro- 
genetic development, but this is reversed during organogenetic de- 
velopment. 

The noteworthy contributions of Friedenwald, Herrmann, and co- 
workers on the histochemistry of the eye have already included the 
demonstration that a highly active cytochrome oxidase-succinodehy- 
drogenase-fumarase system is confined almost entirely to the epithe- 
lial cells of the chorioid plexus while the malic and lactic dehydro- 
genases are distributed almost evenly between the epithelium and the 
stroma (125). However, greater cholinesterase activity was observed 
in the stroma than in the epithelium (126). 

That respiration of the cartilage cell declines with advancing age 
while glycolysis does not change was shown by Rosenthal et al. (127). 
These workers also made a study of various dehydrogenases in bovine 
articular cartilage (128). 

Continuing work mentioned earlier (56) on the Avena coleoptile, 
Berger & Avery made a study of dehydrogenases (129) in Avena 
coleoptile and demonstrated that synthetic auxins do not accelerate 
their actions (130). These authors subsequently brought out the inter- 
esting observation that alcohol dehydrogenase activity is stimulated by 
auxin treatment of plant tissue and suggested that this effect may be 
the basis of the mechanism of auxin action (131). 


DEDUCTIVE METHODS 


In certain instances it has been possible to obtain quantitative histo- 
chemical data from usual macrochemical analyses by what Lowry has 
termed “deductive histochemical methods.” A clear and concise pres- 
entation of the principle of these methods has been given very recently 
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by Lowry (132) with a review of results obtained by such methods. 
The principle is well illustrated by Lowry’s example: 

As a first approximation, a tissue such as skeletal muscle may be con- 
sidered to be composed of 5 separate fractions, blood, fat, collagen plus elastin, 
extracellular fluid, and cells. If the amount of the first 4 fractions can be 
determined, the amount of the remaining intracellular fraction may be calculated. 
Furthermore, if one knows the composition of the blood and extracellular fluid, 
it becomes possible to calculate the concentration of a particular substance, A, 
in the cells by simply (1) measuring the total amount of A, (2) calculating the 
amount of A in the several extracellular fractions, (3) subtracting the extra- 
cellular A from the whole, and finally, (4) dividing the net intracellular A 
by the calculated amount of intracellular fraction. This is similar to the calcu- 
lation of the concentration of chloride in red cells when the hematocrit and the 
concentration of chloride in whole blood and serum are known. 


The chief applications of these methods have dealt with the study 
of electrolytes in cytoplasm. The noteworthy work of Lowry, Hast- 
ings, and collaborators (133 to 136) on the histochemistry of the aging 
process should be mentioned at this point. Dumm (73) has drawn on 
these methods in her study of histochemical changes in rat liver cited 
earlier. 


PHYSICAL TECHNIQUES AND APPLICATIONS 
DILATOMETRIC INVESTIGATIONS 


The fact that chemical reactions occurring in liquid phases are ac- 
companied by isothermal changes in volume has been utilized in dilato- 
metric methods to follow the course of reactions. We are indebted to 
the genius of Linderstrém-Lang for the application of the dilatometric 
principle to the elaboration of a technique whereby the rates of re- 
actions proceeding in aqueous droplets can be determined with a high 
degree of precision. In this manner, refinements over common macro- 
methods of the order of 100,000 times were effected and the way 
opened for application to various histochemical studies. Cathetometer 
measurements of the displacements resulting from the density changes 
accompanying the reaction in a droplet suspended in a density gradient 
become a measure of the rate of the reaction. The density gradient is 
maintained in a bromobenzene-kerosene medium, and hence the tech- 
nique cannot be used for reactions involving substances soluble in this 
medium. 

The first reports of this dilatometric technique appeared in connec- 
tion with an ultramicromethod for the estimation of peptidase activ- 
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ity (137, 138). Since the density measurement is accurate to about 
3X 10°, the hydrolysis of 0.3 & 10°*° mole of alanylglycine in a 
droplet of 0.1 c.mm. can be determined (approximately an amount of 
substrate that can be split by one sea-urchin egg in twenty seconds). 
The peptidase method was employed by Holter, Lanz & Linderstrém- 
Lang (139) in a study of the localization of the enzyme during the 
first cell divisions of the Psammechinus miliaris embryo. They found 
that peptidase was distributed evenly among the eight blastomeres 
formed when the egg had undergone three divisions, and an even dis- 
tribution maintained between the two halves of four blastomeres each. 
This investigation is related to the previous studies on Paracentrotus 
lividus (68, 95). 

One of the chief difficulties in histochemical or cytochemical in- 
vestigations is obtaining a quantitative definition of the structural ele- 
ments in tissues or cells to which the quantities of an enzyme, or other 
substance measured, can be referred. In certain cases, it is advan- 
tageous to refer the measurements to the “reduced weight,” a value in- 
dependent of the water content of the sample. This value is defined 
as the weight of the sample minus the weight of an equal volume of 
water, and it can be determined with the gradient tube apparatus by 
placing the material in a drop of water and measuring the density of 
this drop (7). Then 


“reduced weight” = (d — dw) v 


where d is the density measured, dy is the density of water at the same 
temperature, and v is the volume of the drop. 


ULTRAVIOLET MICROSCOPY 


Absorption methods.—The range of usefulness of the microscopic 
examination of histological preparations has been broadened exten- 
sively through application of the ultraviolet quartz microscope with 
photographic or photoelectric attachments. As developed and applied 
by Caspersson (140), in particular, this technique has proved to be a 
beautiful means for the revelation of the nature and certain of the 
functions of the nucleic acids within the cell. The nucleic acids of chro- 
mosomes and other formed bodies have been characterized by their 
ultraviolet absorption curves by Caspersson and co-workers and re- 
views of these findings as well as their cytochemical significance have 
appeared. [Cf. Gersh (141) and Mirsky (142).] The striking ad- 
vantage of the technique is that certain cell structures may be studied 
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in situ, and in absorption spectra measurements quantities of material 
down to 10°* ug. will suffice. In one of the applications of this tech- 
nique, organic iodine compounds as well as protein were identified in 
the thyroid colloid by Gersh & Caspersson (143). A modified appa- 
ratus, and its application to a histochemical analysis of changes in 
monkey motoneurons after root section, has been described by Gersh 
& Bodian (144). They made measurements of the extinction coeff- 
cients of the Nissl bodies in the nerve material, and were able to show 
that ribonuclease removes ribonucleotides from Nissl bodies, and that 
the decreased absorption of cytoplasm, caused by the enzyme, is prob- 
ably the result of either nonspecific protein digestion or depolymeri- 
zation of ribonucleoproteins, or both. 

Fluorescence methods.—Popper (145) has succeeded in utilizing 
the fluorescence of vitamin A in ultraviolet light for the microscopic 
detection of this substance in tissue sections. Tissue fixed in 10 per 
cent formaldehyde is frozen and sectioned. When subjected to ultra- 
violet illumination under the microscope the vitamin A in the sections 
becomes apparent as a fading green fluorescence. The reliability of 
the method is indicated by the parallelism existing between observa- 
tions of this nature and chemical determinations on the same material 
(146). The histological distribution of vitamin A in both normal and 
pathological human tissues (147), and in rat organs (148) was mapped 
out by Popper and co-workers. In a subsequent investigation (149) 
it was shown that vitamin A,, which gives the quickly fading green 
fluorescence, could be differentiated from vitamin A., which is charac- 
terized by a slowly fading pale yellow-brown fluorescence. The A, 
is found in salt-water fish, while the A, appears in fresh-water va- 
rieties. 

Popper and co-workers have been most productive in their appli- 
cations of the fluorescence technique to a variety of physiological and 
pathological problems. These include the following: demonstration 
of vitamin A in the retina (150), human tumors (151), and human 
skin (152) ; its variation in the ovary during cyclic changes (153); 
its distribution in experimental liver damage (154); its change in 
choline deficiency (155) ; its fate during depletion (156) ; its metabo- 
lism in regard to hepatic function (157); and finally the relation be- 
tween hepatic and plasma concentrations of the vitamin in humans 
(158). 

Hirt & Wimmer have made a beginning toward the detection, in 
a similar manner, of nicotinic acid or its amide (159) and riboflavin 
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(160) in tissues. The former is made apparent by a stable yellow 
fluorescence and the latter by a green fluorescence. The riboflavin 
metabolism in the roach, previously noted (42), was investigated in 
this manner and evidence was presented for the existence of a bound 
form of riboflavin giving a yellow-orange fluorescence. Tests were 
made for the occurrence of the vitamin in the Malpighian tubes of a 
number of other insects as well. 

In studies of carcinogenesis in mice elicited by 20-methylcholan- 
threne, Simpson & Cramer (161) employed the fluorescence of this 
substance to follow its distribution in the epidermis. 


ELECTRON MIcROSCOPY AND MICROINCINERATION 


It is only natural that a new tool is subjected to tests in every field 
where it may find use; so it has been with the electron microscope the 
uses of which in biology were reviewed last year by Marton (162). 
This instrument has yielded valuable information concerning the phys- 
ical structure of cytological components, such as the findings of Schmitt 
et al. (163) on the ultrastructure of protoplasmic fibrils, but to date 
only Scott and co-workers have utilized electron microscopy for iden- 
tification of substances in histological preparations. 

For some time Scott has been employing microincineration of tissue 
sections, after freezing-drying, for the study of total inorganic salt dis- 
tribution. With the electron microscope Scott & Packer (164) have 
been able to localize calcium and/or magnesium in the ash pattern of 
striated muscle ; the elements cannot be differentiated by this method. 
The calcium and magnesium in sympathetic ganglion cells (165), and 
the minerals in epithelium of gastric mucosa (166) have also been 
studied. Cowdry’s group have made similar investigations on hyper- 
plasias of the mouse epidermis (167). Technical details for carrying 
out studies of this nature have been given by Packer & Scott (168), 
and a recent review on mineral distribution in cytoplasm has appeared 
(169). 

Further adaptation of the electron microscope to histochemistry 
may be expected, particularly since it is now possible to prepare the 
very thin sections necessary for use with this instrument. By chang- 
ing the mechanism on microtomes commonly used, Richards et al. 
(170) were able to obtain 0.1 u sections of muscle. O’Brien & McKin- 
ley (171) have designed a new microtome that also cuts 0.1 u sections 
and seems to be adaptable to many tissues. 
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POLAROGRAPHIC AND RELATED INVESTIGATIONS 


Carruthers has devised polarographic micromethods for sodium 
(172) and magnesium (173) that have been applied particularly to 
the study of carcinogenic changes in mouse epidermis (174). It was 
stated that the sodium method can be used for “mere traces.”” The 
magnesium method is capable of the estimation of from 68 to 100 ug. 
of the element with an error of from +1.8 to +2.8 per cent. 

Microrespiration techniques employing the polarograph have been 
developed but the chief objection to them has been the effect that mer- 
cury, from the dropping electrode, might have on the biological sys- 
tems. This difficulty has been overcome by Laitinen & Kolthoff (175, 
176), who developed a method for the estimation of oxygen in solution 
using a revolving platinum wire microelectrode instead of the mercury 
type. Davies & Brink (177, 178) have also used the platinum micro- 
electrode for respiration studies, and they have been able to follow 
minute by minute the respiration of 10 mg. of nerve tissue with a sen- 
sitivity of 0.001 c.mm. of oxygen. Another means of avoiding contact 
between mercury and the cells under examination is the double vessel 
designed by Selzer & Baumberger (179). 

An investigation of the relation between respiration, protoplasmic 
streaming, and auxin transport in Avena coleoptiles was undertaken 
by DuBuy & Olson (180). The polarographic and manometric meas- 
urements of the respiration of myelocytes were compared by Warren 
(181) who made it clear that only in the former method are results 
free of solubility and diffusion factors, and it was emphasized that 
studies in the literature of the Pasteur effect have been carried out 
under conditions in which solubility and diffusion factors determined 
the rate of respiration. Beecher et al. (182) described a polarographic 
method for the determination of the oxygen content of small amounts 
of body fluids. 


MECHANICAL SEPARATION AND CHEMICAL STUDIES OF 
CELLULAR COMPONENTS 


The instrument common to practically all work on the separation 
of cellular components is the high-speed centrifuge. The capacities of 
this important tool and the particulate components that have been 
isolated by its means have been the subject of a collection of excellent 
reviews (183) published in honor of Prof. R. R. Bensley. The point 
of view stressed by Bensley (184) that “to separate separable things 
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before proceeding to their analysis” has became an increasing tendency 
in cytochemical work. What follows will deal with recent chemical 
considerations of “separable things.” 

Isolation of cell nuclei—Until recently, chemical studies on cell 
nuclei have been seriously handicapped by lack of means for isolating 
homogeneous material in sufficient quantities for chemical procedures. 
The old freezing-melting technique of Warburg resulted in damage to 
the nuclei and necessitated further separations. Crossmon (185) suc- 
ceeded in separating the nuclei of muscle cells by the simple expedient 
of teasing a bit of tissue in 5 per cent citric acid which caused ejection 
of the nuclei from the cells. This technique was modified by the addi- 
tion of pepsin [Stoneburg (186)] in order to obtain larger amounts of 
material, and was adapted for use on tumor and pus cells as well as 
on muscle; a report on the lipid analysis of the free nuclei was given. 
This method was not applicable to liver or thymus cells. 

The acid treatment employed in the Stoneburg procedure denatures 
certain enzymes and proteins and hence is of limited value. Neverthe- 
less, the technique was adequate for Marshak’s (187) studies on the 
uptake of radioactive phosphorus, P32, by nuclei. Marshak demon- 
strated that, if pepsin was omitted, the procedure of Stoneburg would 
permit the isolation of liver nuclei, and in this manner he could show 
that the nuclei of tumors accumulate more radioactive phosphorus, due 
to their mitotic activity, than do nuclei of liver cells. Mirsky & Pol- 
lister (188) used a modified Stoneburg method to obtain liver nuclei 
free of cytoplasm which they employed in studies on the fibrous nucleo- 
protein. The chemical properties of this substance lead to the conclu- 
sion that its chief, if not sole, cellular site of origin must be the nucleus. 

The isolation of living nuclei from hen erythrocytes was accom- 
plished by Laskowski (189) employing a different principle : he hemo- 
lyzed the cells with lysolecithin in neutral saline solution. Dounce & 
Lan (190) achieved the same end by using saponin which has advan- 
tages over lysolecithin of being more readily available and of not inter- 
fering with lipid studies. Later Dounce & Seibel (191) determined 
the acid phosphatase content of these nuclei. 

The isolation of the nuclei of guinea pig liver cells was reported 
by Lazarow (192) who forced a fine liver suspension through bolting 
silk and separated the cellular components by subsequent centrifu- 
gation. 

Within the past year Dounce (193) announced the preparation 
of rat liver nuclei by a process claimed to leave proteins and enzyme 
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systems undamaged. The frozen liver was added to a mixture of ice 
and citric acid solution, having a pH of from 6.0 to 6.2, in a Waring 
blendor. After straining the disintegrated tissue through cheese cloth, 
the liquid was centrifuged and the sediment washed a number of times. 
Nuclei prepared in this manner were used for studies of their content 
of arginase, catalase, cytochrome oxidase, esterase, dehydrogenases, 
phosphatases, cytochrome-c, coenzyme I, and riboflavin. Later Lan 
(194) investigated d-amino acid oxidase, uricase, and choline oxidase 
in rat liver nuclei obtained by the Dounce method. Then Dounce (195) 
showed that by isolating rat liver nuclei at pH 3.8 to 4.0 considerable 
protein denaturation occurs, but the greater acidity is favorable to re- 
tention of nucleic acid and protein by the nuclei. A study of the total 
lipid and desoxyribonucleic acid content of nuclei at pH 3.8 to 4.0 
and at 6.0 to 6.2 indicated that there is a loss of protein in the latter 
case. The desoxyribonucleic acid content of isolated nuclei of tumor 
cells was also studied (196). 

In his critical and masterly review of the methods of isolation of 
morphological constituents of the liver cell, Hoerr (197) has pointed 
out that Dounce’s method of disintegrating tissue in a Waring blendor 
subjects the material to so severe a beating that the thixotropic prop- 
erty of the nucleoproteins is enhanced to the point of rapid gel for- 
mation. He has also indicated that Lazarow’s procedure of chilling 
material quickly to 0°, but not allowing it to freeze, is preferable to 
the Dounce method and, in addition, avoids the excessive washings 
and centrifugings of the latter. 

By means of sonic vibrations, Zittle & O’Dell (198) disintegrated 
bull spermatozoa so that on centrifugation heads, midpieces, and tails 
could be separated. Large variations were found in the lipid, sulfur, 
cystine, nitrogen, phosphorus, and nucleic acid content of these parts. 
Subsequently, Zittle & Zitin demonstrated that cytochrome oxidase 
(199) and iron (200) are greatest in the tails and least in the heads. 

The separation of nuclei from embryos of rye was accomplished by 
Feulgen, et al. (201) by drying, grinding under benzene, suspending 
in a carbon tetrachloride-benzene mixture, and centrifuging. Later 
Behrens (202) isolated liver cell nuclei by dehydration of the frozen 
material followed by a procedure similar to that used for the rye germ; 
arginase and negligible lipase activity were demonstrated. Williamson 
& Gulick (203) determined calcium and magnesium in ashed thymus 
nuclei which had been isolated by dry grinding in the cold and centri- 
fuging in a mixture of benzene and carbon tetrachloride. These 
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methods involving the use of organic solvents damage the nuclei and 
consequently are of limited application. 

The well-known centrifugation technique of Harvey & Harvey 
has been applied particularly to the separation of egg cell fragments 
of Arabacia punctulata. More recent studies include measurements of 
oxidase activity (204), oxygen uptake (205), and, by means of the 
Cartesian diver, cytochrome oxidase (206). 

Cytoplasmic .omponents.— Although a number of cytoplasmic 
components have been isolated, it is still too early for much chemical 
work to have been done on them. The study of Nissl bodies in situ 
by ultraviolet absorption has already been discussed in this review. 

Demonstration of succinodehydrogenase, cytochrome-c, and cyto- 
chrome oxidase in both mitochondria and the lipoprotein complex has 
been accomplished by Lazarow & Barron (207), while phosphatase 
was found in the lipoprotein by Kabat (208). Claude (209) has cited 
unpublished work of Hotchkiss & Hogeboom who showed that d- 
amino acid oxidase is localized in secretory granules of guinea pig 
and rat livers, and unpublished work of Woolley who found inositol 
in both microsomes and secretory granules, the quantities of inositol 
and lipid being directly proportional to one another. The separation 
of several macromolecular particles from cells such as iron-protein 
units, fowl tumor viruses, heavy conjugated proteins, and bacterio- 
phage has been described by Stern (210). Lazarow (211) succeeded 
in separating particulate glycogen from guinea pig liver cells, and it 
was suggested that removal of glycogen from “solution” might 
shift the equilibrium of the reaction, glucose-l-phosphate = 
glycogen + phosphate, to the right and thus initiate a series of 
changes related to glycogen storage and the regulation of blood sugar. 

In the plant field, the isolation of chloroplasts by differential 
centrifugation has been of interest especially in relation to photo- 
synthesis. Isolation studies have been carried out by Mesch (212), 
Granick (213), and Menke (214), and thus far analyses of protein, 
lipid, and ash have been given (214, 215, 216). Most of the catalase 
seems to be confined to the chloroplasts of leaf cells (215), and the 
production of oxygen by these bodies has been investigated by Hill 
& Scarisbrick (217). French & Anson (218) have made an extensive 
study of the influence of chemical and physical factors on the oxygen 
evolution. 
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A 


Abortion 
calcium deficiency and, 474 
vitamin C and, 431 
vitamin K and, 431 
Absorption, see Plants, electrolyte ab- 
sorption, and specific substances 
Acetic acid 
in citric acid cycle, 219 
detoxications and, 13 
oxidation of, 193-94, 196 
Acetopyruvic acid, insulin hypoglycemia 
and, 195 
Acetylcholine 
formation of 
inhibition of, 200 
in peripheral nervous tissue, 50 
spasmodic action of, 552 
synthesis of, 200 
Acetylphosphate, enzymatic formation of, 
13 
Acid-base balance, regulation of, 332 
Acriflavin, bacteriostatic action of, 311 
Acrolein, burn shock and, 225 
Actinomycin, action of, 689 
Acylphenanthrene, 284 
Adenine nucleotide, see Adenylic acid 
Adenosine 
methylation and hydrolysis of, 304 
preparation of, 305 
production of, in nucleic acid hydroly- 
sis, 299 
Adenosinediphosphate, 8, 9 
phosphorylation of, 170 
Adenosinemonophosphate, 8, 9 
Adenosinetriphosphatase, 158-62 
calcium activation of, 190 
inhibition of, 200 
stability of, 161 
structure of, 161 
Adenosinetriphosphate, 8, 9 
acetylation and, 14 
acetylcholine synthesis and, 200 
dephosphorylation of, 29 
enzymatic formation of diphospho- 
hexose and, 29-31 
formation of, 170-71 
hydrolysis of, 162 
ionization of, 161 
oxidation of, inhibition by phlorhizin, 
173 
phosphate renewal in, 171 
preparation of, 321 
synthesis of, from inorganic phosphate, 
166 
utilization of, 172 


Adenylic acid 
catalytic activity of, 166 
fatty acid oxidation and, 168 
inanition and, 308 
intermolecular phosphate transfer and, 
169 
pellagra and, 308 
in phosphorylase-a, 187 
position of, in nucleic acids, 299 
preparation of, 305 
pyruvate oxidation and, 167 
Adlumine, 542 
Adrenal cortex, 354-56 
aldehyde lipids in, 108 
carcinoma of, steroid excretion and, 
290 
hormones in, 708 
steroids from, 275-81 
Adrenal glands 
extirpation of, liver arginase activity 
and, 44, 355 
fat absorption and, 212 
histochemistry of, 711 
see also Adrenocortical hormones 
Adrenaline, see Epinephrine 
Adrenocortical hormones, 354-56 
anti-insulin effect of, 355 
bioassay of, 355 
liver glycogen and, 355, 356 
structure of, 356 
synthesis of, 354 
see also specific substances 
Adrenocorticotropic hormone, see Pitui- 
tary gland 
Agar, structure of, 78, 79 
Alanine 
biosynthesis of, 681 
enzymatic breakdown of, 694 
separation of, 125 
B-Alanine, synthesis of, 257 
Albumin, egg 
electrophoretic studies of, 136, 144, 304 
ionizable groups of, 142 
ovomucoid in, 85 
polypeptide chains in, 142 
tyrosine residues in, 129 
Albumins, serum 
denaturation of, antigenic activity and, 
145 
electrophoretic studies of, 136 
hepatectomy and, 241 
molecular weight measurements of, 134 
Alcaptonuria 
phenylalanine and, 252 
tyrosine and, 252 
Aldehyde oxidation, 166 
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Aldolase 

activity of, 176-77, 190 

preparation and purification of, 176 
Alkaloids, 533-48 

alkamine esters, 539-40 

Erythrina, 545 

isolation of, 533 

Lycopodium, 534-35 


Amino acids (cont.) 


hypoalbuminemia and, 242 
lipotropic action of, 214 
monoamino monocarboxylic acids 
estimation of, 124 
separation of, 124 
neutral, 126 
oxidation of, 16-20, 248 


and, Papaveraceous, 541-44 racemization of, 246 
Papillionaceous, 540-41 solubility of calcium salts and, 317 
Senecio, 535-40 structure of, 123, 125 
Solanum, 544-45 tumor growth and, 510 
structure of, 533 vitamin B, deficiency and, 391 
Veratrum, 544-45 see also specific acids 
see also specific substances d-Amino acids, 245-48 
Alkalosis occurrence of, 246 
| serum sodium and, 331 in tumors, 246, 247 
| see also Acid-base balance dl-Amino acids, production in vivo, 247 
and, i Allocryptopine, synthesis of, 533 p-Aminobenzoic acid, 387-88 
Alloxan acetylation of, 13, 166 
| hyperglycemia and, 203 assay of, microbiological, 387 
pancreatic islet tissue damage and, 203, bacterial growth and, 454 
| 354 bioassay of, 695 
tivity Amidases, 44-45 biosynthesis of, 679-80 
titrimetric determination of, 711 determination of, 387 
Amines, acetylation of, 13-14 enzyme reactions and, 10 
Amino acid metabolism, 239-62 in enzyme system, 11 
deamination, 240, 244, 248 growth and, 387 
bacterial, see Bacterial metabolism hair pigmentation and, 388 
| transmethylation, 250-51 source of, 387 
see also specific acids l-Amino oxidase 
d-Amino acid oxidase isolation of, 248 
coenzyme of, see Flavin adenine dinu- occurrence of, 248 
cleotide Ammonia 
content of liver, carcinoma and, 247 production of, 250 
dissociation of, 5 titrimetric determination of, 711 
Pitui- inhibition of, 250 Amylase 
Amino acids, 117-54 action of, 33 
acetylation of, 126 in blood, 33 
aromatic, 126 in plants, 33 
biosynthesis of, 676-85 Amylopectin 
in blood, anemia and, 244 molecular weight of, 64 
classes of, 123 occurrence of, 64 
composition of, 129-31 quantitative estimation of, 65 
dicarboxylic acids Amylose 
4, 304 estimation of, 127, 128 content in various starches, 65 
separation of, 123 molecular weight of, 64 
distribution of, 129-31 occurrence of, 64 
essential, 239-41 preparation from potato starch, 67 
for hemoglobin production, 243 quantitative estimation of, 65 
for nitrogen equilibrium, 239 structure of, 64 
y and, for plasma protein production, 243 Androgens 
estimation of, 123-29 excretion of, 291 
chromotographic method, 126 see also specific substances 
in hydrolyzed protein, 123-27 Androsterone 
of, 134 in intact protein, 127-29 androgenic activity of, 284 
by isotopic analysis, 127 oxidation of, 272 
microbiological method, 126-27 Anemia 
solubility method, 125-26 bone marrow lipids and, 110, 232 
hexone bases, separation of, 123, 126 pernicious, serum iron content and, 324 
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Anemia (cont.) 
sulfonamides and, 385, 388, 452 
vitamin Be and, 385 
see also Erythrocytes, destruction of 
and Hemoglobin, formation of 
Anesthesia, cholesterol and, 229 
Anesthetics, local, 557, 560, 565, 567, 
570 
Animal fats and oils, see Fats and oils 
Annotinine, 535 
Anorexia 
calcium deficiency and, 473 
thiamin deficiency and, 371, 449 
vitamin B-complex deficiency and, 
449 
Anoxia 
acetylcholine in brain and, 200 
biochemical changes during, 202 
vitamin A and, 414 
Anterior pituitary, see Pituitary gland, 
anterior lobe of 
Antibacterial agents, molds, 6 
Antibiotic substances 
action of, 688 
production of, 688 
structure of, 688 
Antibodies 
for insulin, 361 
pneumococcal, electrophoretic analysis 
of, 137 
synthesis of, from globulins, 145 
Antihormones, 358-61 
to lactogenic substance, 360 
specificity of, 358 
to thyrotropic substances, 360-61 
Antitoxins, diphtheria, splitting of by pa- 
pain, 132 
Arabo-galactan 
ester derivatives of, 76 
hydrolysis of, 76 
methylation of, 77 
molecular weight of, 77 
occurrence of, 76 
structure of, 77, 78 
Arachidonic acid, structure of, 100 
Arginase 
in liver 
activity of, 44 
tumors and, 490 
Arginine 
biosynthesis of, 682-83 
ornithine cycle in, 682 
deficiency of, spermatozoa count and, 
240 
isolation of, 124 
nitrogen equilibrium and, 240 
synthesis of 
in vivo, 241 
by renal cortex, 249 
Arsenic, distribution of in foods, 330 


Ascorbic acid, 391-95 


assay of, 391-92 

chemical tests, 391, 392 

reducing activity and, 392 
carbohydrate metabolism and, 393 
coenzyme activity of, 638 
deficiency of 

in farm animals, 79 

gingivitis and, 394 

reproduction and, 394 

wound healing and, 394 
distribution of, 392-93 

embryological, 706 
excretion of, 393, 451 

sulfathiazole and, 454 
hypertension and, 394 
lead poisoning and, 394 
in malignant tissue, 488 
metabolism of, cancer and, 500 
methemoglobinemia and, 324 
oxidation of, 393 
reproduction and, 479 
requirement for, human, 442-43 
synthesis of 

by farm animals, 478 

in vivo, 326, 393-94 

vitamin A deficiency and, 419 
tissue stains for, 705-6 
titrimetric determination of, 711 
urease inhibition and, 44 


Aspartic transaminase, coenzyme of, 11 
Atropine, 549 


intestinal motor activity and, 413 

preparation of, 550 

spasmolytic activity of, 552, 560 

structure of, 550 

synthetic analogues of 
spasmolytic activity of, 551 
structure of, 551 


Auxins 


action of, 638, 642-54 
bound, 638-39 
chemical nature of, 641-42 
destruction of, in plants, 639, 649 
determination of, 640 
diffusion of, 640 
endosperm precursors of, 636-37 
formation of, 636 
gall development and, 650 
growth of plants and, 633, 658-59 
hemi-, 645 
nodule development and, 651 
nomenclature of, 631-34 
plant metabolism and, 633 
in plants 
bud inhibition and, 649, 655-56 
cambial activity and, 649 
cell enlargement and, 613 
differentiation and, 652-53 
elongation and, 642 
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Auxins (cont.) 
in plants (cont.) 
ethylene and, 649 
extraction of, 635, 637-40 
flowering and, 585 
forms of, 634-42 
fruit development and, 653-54 
respiration and, 633, 638, 642-43 
root formation and, 656-58 
water absorption and, 612, 643-45 
precursors of, 637-39 
starch hydrolysis and, 644 
transport of, 724 
from wheat flour, 636 
see also specific substances 
Avidin, cancer and, 511-13 


B 
Bacteria 
pigments of, green, 595 
purple, carotenoids in, 595 
vitamin synthesis by, 455 
Bacterial carbohydrates, of pneumococ- 
cus type III, 86-87 
Bacterial filtrates 
hemorrhage and, 508 
tumors and, 508-10 
Bacterial growth, nutritional require- 
ments of, 454-56 
Bacterial lipids, of acid-fast bacteria, 11C 
Bacterial metabolism 
amino acid metabolism, 248 
oxidative, 204 
Bacteriochlorophyll, occurrence of, 595 
Barium chloride, spasmodic action of, 552 
Basal metabolism 
thiamin and, 371 
tumors and, 499-500 
3enzilic acid, esters, spasmolytic activity 
of, 562 
Benzine, as fat solvent, 102 
Benzopyrene 
carcinogenic action of, 225 
excretion of, 506-7 
Berberine, 542 
Bicuculine, 542 
Bile, manganese excretion in, ; 
Bile acids 
bromination of, 268-71 
fat absorption and, 213 
hydrogenation of, 266-67 
preparation of, 267-68 
see also specific substances 
Biotin, 381-85 
activity of, 392 
assay of, 383 
bacterial growth and, 455 
biosynthesis of, 678-79 
bound, 383-84 
cancer inhibition and, 511 


w 
to 
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Biotin (cont.) 
coenzyme activity of, 632 
crystalline, 383 
deficiency of 
infection and, 384 
malaria and, 384 
sulfonamides and, 388 
growth and, 384 
in liver, 488 
in malignant tissue, 488 
pantothenic acid utilization and, 389 
reproduction and, 384 
requirement for 
of fungi, 668 
sulfonamides and, 388 
structure of, 381 
synthesis of, 381 
Blood 
carbon monoxide in, 718 
copper in, 327 
granulocytopenia 
folic acid and, 386 
sulfonamides and, 386, 452 
hyperproteinemia, 242 
hypoalbuminemia 
nitrogen excretion and, 242 
plasma proteins and, 242 
shock as manifestation of, 242 
hypoglycemia, thiamin and, 372 
hypoproteinemia 
gastrointestinal cancer and, 499 
hepatitis and, 244 
ketone bodies in, 218 
glyoxylic acid and, 220 
ketonuria and, 218 
leucocytes in 
inanition and, 373 
riboflavin deficiency and, 373 
nitrogen content of, 718 
pantothenic acid in; 378 
phosphate content of, 178 
plasma 
regeneration of, 241-45 
vitamin A in, tumors and, 499 
polycythemia, cobalt and, 326 
serum 
iodine in, 329 
iron in, anemia and, 324 
magnesium in, 321, 322 
pneumonia and, 230 
thiamin content of, 368 
vitamin A in, lecithins and, 411 
see also Erythrocytes 
Blood coagulation 
dicumarol and, 431 
vitamin K and, 430 
Blood lipids 
determination of, 98, 106, 212, 228 
diet and, 212, 229 
erythrocyte fragility and, 226 
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Blood lipids (cont.) 
formation in liver, 109 
hemorrhage and, 232 
heparin and, 212 
hepatectomy and, 109 
hyperlipemia, 108 
insulin and, 230 
nephrectomy and, 230 
pancreas and, 212 
thyroidectomy and, 229 
vitamin A and, 418 
vitamin E deficiency and, 214 
see also Fat metabolism 
Blood sugar 
determination of, 204 
hyperglycemia 
alloxan and, 203 
diabetes and, 202 
liver glycogen and, 202 
hypoglycemia 
anoxia and, 202 
insulin and, 195 
see also Glucose tolerance, Insulin, and 
Epinephrine 
Blood volume 
anemia and, 244 
anoxia and, 244 
dehydration and, 332 
Bone 
citric acid in, 203, 319 
fluorine storage in, 328 
formation of, vitamin A and, 320 
regenerating, phosphatase in, 707 
Bone marrow 
lipid content of, during anemia, 
232 
metabolism of, 192 
Brain 
acetylcholine in 
anoxia and, 200 
insulin hypoglycemia and, 200 
carbohydrate metabolism in, 199- 
200 
cholinesterase in, 48 
development of, 719 
glycogen content of, 200 
histological structure of, 719 
thiamin in, 371 
Brain lipids, 97 
age and, 109 
determination of, 106 
sex and, 109 
vitamin E deficiency and, 229 
Brain metabolism, glycolysis, 199- 
200 
inhibition of, 192 
respiration and, 192 
Brassidic acid 
oxidation products of, 99 
preparation of, 99 
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Cc 
Calcification, of placenta, 321 
Calcium 
absorption of, 223, 316-20 
fats and, 318 
phytic acid and, 316 
by plants, 611, 618 
proteins in diet and, 317 
seasonal changes in, 319 
adenosinetriphosphatase activation 
and, 190, 
animal nutrition and, 473-74 
availability of, 316 
balance, 320 
in cell nuclei of thymus gland, 322 
cellular activity and, 320 
deficiency of 
abortion and, 474 
in animals, 320, 473-74 
anorexia and, 473 
deposition of, in tumors, 492 
excretion of, 223, 317 
lactation and, 457, 473 
metabolism of 
renal rickets and, 321 
vitamin C and, 320 
vitamins and, 320 
potassium ratio in plants, 615-17 
reproduction and, 473 
requirement for, 319 
human, 442-43 
respiratory inhibition and, 190 
retention of 
high carbohydrate diet and, 424 
vitamin D and, 317, 318, 427 
solubility of salts of, 317 
titrimetric determination of, 711 
utilization of, 316 
in water, 316 
sce also Calcification and Bone 
Calcium ions, myosine activation by, 160 
Calycanthidine, 546 
Cancer 
adrenocortical, steroid excretion and, 
290 
ascorbic acid metabolism and, 500 
avidin and, 511-13 
biotin and, 511 
cholesterol excretion and, 500 
gastrointestinal 
achlorhydria and, 500 
carbohydrate metabolism and, 500 
hypoproteinemia and, 499 
glucose tolerance and, 500 
radioactive phosphorus and, 498 
susceptibility to, 490-91 
see also Carcinogenesis, Carcinogenic 
substances, and Malignant tissue 
Capillary permeability, vitamin E and, 
428 





160 


nd, 
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Carbohydrate metabolism, 187-210 
absorption, intestinal, 201-2 
ascorbic acid and, 393 
in brain, 199-200 
endocrines and, 201 
free acetylcholine and, 200 
insulin and, 198-99 
in nervous tissue, 199-200 
nicotinic acid and, 375 
obesity and, 232 
pantothenic acid and, 202 
pyruvate feeding and, 203 
shock and, 202 
sodium chloride and, 333 
steroids and, 275 
thiamin and, 375 
see also Blood sugar; Fermentations; 

Glycogen, formation of ; Muscle me- 
tabolism ; etc. 

Carbohydrates, 59-92 
in egg albumin, 85, 86 
fat synthesis from, 215-16 
fermentation of, 176 
oxidation of, 192-99, 220 

hydrogen transport and, 196 
path of, 196 
tricarboxylic acid cycle, 192-93 
storage of, 215 
utilization of, hypophysectomy and, 
201 
see also Polysaccharides and specific 
substances 

Carbon dioxide, in cell respiration, 191 

Carbon dioxide fixation, 195-96 
enzymes involved in, 195 
in glycogen of heart, 195 

Carbonic anhydrase, 25, 41-42 
action of, 41 
occurrence of, 42 

Carboxylase, 11-13 
activity of, 11 
isolation of, 11 
malonate poisoning of, 197 
see also Diphosphothiamin 

Carcinogenesis — 
biochemical changes during, 503 
carbohydrate metabolism during, 497 
fluorometric studies of, 723 
mechanism of, 503 
methylcholanthrene and, 503 
nitrogen metabolism during, 497-98 
vitamin A and, 489 

Carcinogenic substances, 501-8 
action of 

mutation and, 501 

structure and, 501 
benzopyrene as, 225 
destruction of, 226 
endogenous, 505-6 
metabolism of, 506-8 


Carcinogenic substances (cont.) 
oxidized fats as, 225 
properties of, 501-2 
synthetic, 501 
Carotene 
absorption of, 411 
in blood, 411 
deficiency of, diarrhea and, 477 
estimation of, 421-22 
in food, factors influencing content of, 
420-21 
oxidation of, 18, 602 
in plants, occurrence of, 594 
utilization of, 412 
see also Vitamin A 
Carotenoids 
absorption spectra of, 603 
adsorbability of, 601-2 
oxidation of, 598 
in plants, formation of, 593 
structure of, 599-601 
vitamin A in, 593 
see also Xanthophylls and specific sub- 
stances 
Carpine, 536 
Catalase, 26 
activity of, 3 
structure of, 3 
Catalysts, see Enzymes and specific sub- 
stances 
Cataracts 
riboflavin and, 254 
tryptophane deficiency and, 254 
Cathepsin, in stomach, 711 
Cell division 
centrifugation and, 724 
isolation of nuclei, 725-27 
Cell permeability, to water, 331 
Cells 
activity of, calcium absorption and, 320 
extracellular fluid volume, 330-31 
internal environment of, 331-34 
mineral exchanges in, 334 
nuclei of, preparation of, 303, 725-27 
nucleoproteins of, 302 
structure, determination of, 721 
Cellulose, 72-76 
chain length of, 74, 75 
hydro- 
chain length of, 75 
formation of, 75 
solubility of, 75 
methylation, 72-73 
chain length and, 73 
molecular weight and, 74 
oxy- 
molecular size of, 75 
preparation of, 75 
solubility of, 75 
structure of, 75 
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Cellulose (cont.) 
preparation of, 75 
structure, by end-group method, 73 
Cellulose acetate, 75-76 
Cephalins 
in blood, 106 
in brain, 106 
in cottonseed, 106 
in flaxseed, 106 
in peanuts, 106 
in soybean oil, 107 
Cerebrosides 
in blood, 108 
in cardiac muscle, 111 
in skeletal muscle, 111 
Cerium, anticoagulant action of, 330 
Cetylsulfonic acid, protein hydrolysis 
and, 122 
Cevine, 545 
Chelidonine, 542 
Chemotherapy, tumors and, 508-13 
Chlorides, excretion of, 333 
Chlorophyll-b, occurrence of, 595 
Chlorophyll-c, occurrence of, 595 
Chlorophyll-d, 599 
Chlorophylls 
absorption spectra of, 603 
adsorbability of, 601-2 
isomerization of, 599-602 
oxidation of, 598 
in plants, 598 
formation of, 623 
occurrence of, 594 
photoperiodic responses and, 586 
purification of, 599 
structure of, 598-602 
Chloroplasts 
composition of, 593 
isolation of, 727 
properties of, 592-93 
Chloroplast pigments, 593-97 
formation of, 597-98 
green, 597 
properties of, 598-604 
yellow, 597 
Cholecystokinin, preparation of, 357 
Choleic acids, formation of, 268 
Cholestanedione-3,6, bromination of, 268 
Cholesterol 
anesthesia and, 229 
in brain, vitamin E deficiency and, 427 
dehydration of, 263-64 
deposition of, 228-29 
determination of, 228 
in muscle, 427 
occurrence of, 263 
structure of, 228 
see also Blood lipids 
Choline, 380-81 
anaerobic acetylation of, 14 
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Choline (cont.) 
bioassay of, 695 
biosynthesis of, 680 
deficiency of, fatty livers and, 214 
determination of, 380 
distribution of, 380 
fatty livers and, 380 
requirement for, 380 
Cholinesterase, 48-50 
activity of, 49 
neuroblast differentiation and, 714 
determination of, 716 
development of, 713 
distribution of, 48, 49 
inhibition of, 48-49 
properties of, 48 
Chromosomes, nucleic acid content of, 
303, 721 
Cinnamylephedrine, 570 
Citric acid 
biosynthesis of, 694 
in bone, 203 
enzymatic synthesis of, 14 
formation of 
in kidney, 14 
by yeast, 219 
in tumors, 495 
Citric acid cycle, 14-16, 219-20 
acetic acid in, 219 
carbohydrate oxidation and, 14 
pyruvate metabolism and, 14 
in yeast, 15-16 
Citrinin, antibiotic action of, 688 
Citrogenase 
action of, 15 
citric acid formation and, 219 
in heart, 15 
in kidney, 14 
Citromalic acid, polarimetric determina- 
tion of, 193 
Clavatine, 535 
Clavatoxine, 535 
Clavicin, action of, 689 
Cobalt 
absorption of, 325 
animal nutrition and, 474-75 
deficiency of, anorexia and, 473 
excretion of, 325 
polycythemia and, 326 
Cocarboxylase, see Diphosphothiamin 
Coconut milk, auxin precursor in, 636-37 
Coenzymes, 10-11 
in plants, 632-33 
Colchicine, tumor hemorrhage and, 509 
Collagen, x-ray diffraction of, 138 
Complanatine, 535 
Compound K, structure of, 275, 276 
Compound P, structure of, 275, 276 
Copper 
animal nutrition and, 475-76 
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Copper (cont.) 
in blood, 327 
deficiency of 
ataxia and, 476 
hemoglobinuria and, 475 
wool production and, 476 
in malignant tissue, 327 
ovulation and, 327 
Coprosterol, formation of, 229, 287 
Corticosterone acetate, dehydration of, 
266 
Cozymase, reduction of, 197 
Creatine 
phosphorylation of, 188 
synthesis of, from guanidoacetic acid, 
250 
Creatinuria, muscular dystrophy and, 428 
Cryptocavine, 544 
Cryptopine, 542 
Cysteic acid 
liver cirrhosis and, 251 
necrosis and, 251 
Cysteine 
in denatured proteins, 129 
estimation of, 124, 125, 127 
inactivation of, 177 
mercaptan group of, 129 
Cysteine desulfurase, action of, 45 
Cystine, 251-52 
biosynthesis of, 680 
in denatured proteins, 129 
disulfide group of, 129 
estimation of, 124, 125, 127 
in malignant tissue, 495 
Cytidine 
methylation and hydrolysis of, 304 
preparation of, 305 
Cytisine, 540 
Cytochrome-c, in tumors, 491 
Cytochrome-c peroxidase, 2 
preparation of, 120 
Cytochrome oxidase, solubility of, 4 
Cytoplasm 
components of, 727 
electrolytes in, 720 


D 
Decarboxylase, 38-41 
acetoacetic, 40 
amino acid, 40 
in kidney, 40 
in liver, 40 
Dehydroascorbic acid, urease activity 
and, 393 
Dehydrocholic acid, hydrogenation of, 
266 
11-Dehydrocorticosterone, synthesis of, 
279-81 
Dehydrogenases, 26-33, 719 
aldohexose, 19 


Dehydrogenases (cont. ) 
fatty acid, 19, 216, 217 
inhibition by antienzyme, 191 
malic acid, 20 
from sarcoma tissue, 191 
seasonal production of, 217 
specificity of, 217 
succinic, 20 
sce also d-Amino acid oxidase, Oxi- 
dases, etc. 
Demerol 
analgesic effect of, 563 
as morphine substitute, 563 
discovery of, 564 
spasmolytic activity of, 563 
structure of, 563 
Desoxycholic acid, preparation of, 267— 
68 
Desoxycorticosterone 
adrenalectomy and, 354 
arginase activity and, 44 
glycogen phosphorylation and, 188 
oxidation of, 273 
Desoxyribonucleic acid 
electrophoretic studies of, 304 
in erythrocytes, 303 
hydrolysis of, 306 
in malignant tissue, 303 
mobility of, 304 
physico-chemical properties of, 301-2 
in spermatozoa, 303 
structure of, 158, 296, 303-4, 306 
Deuteriocholesterol 
occurrence of, 287 
preparation of, 287 
Dextran, synthesis of, 164 
Dextrins 
molecular weight of, 67 
physical properties of, 68 
structure of, 63, 67 
Diabetes mellitus 
insulin and, 354 
ketonuria and, 218 
ketosis and, 218 
nicotinic acid and, 376 
Diacetyl-3,17-allopregnanolone-20, hy- 
drolysis of, 279 
Diatoxanthin, 595 
Dibromcholesterol, oxidation of, 274 
Dicumarol, 431-32 
hypoprothrombinemia and, 431 
Difiusing factors, 34-38 
non-enzymatic, 38 
Dihydroxystearic acid, preparation of, 99 
Diiodotyrosine 
activity of, 254 
formation of, 254 
Dinoxanthin, 596 
Diphosphoglyceric acid, formation of, 
190 
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Diphosphohexose, enzymatic formation 
of, 29-31 
Diphosphothiamin, 12 
dephosphorylation of, 162 
determination of, 716 
Dipterine, 545 


E 
Eggs 
lipids of, 211 
tyrosinase content of, 718 
Elaidic acid, digestibility of, 211 
Electrolytes, in cytoplasm, 730 
Electron microscope 
histochemical studies with, 723-24 
molecular shape determination by, 135 
Eloxanthin, occurrence of, 597 
Enolase 
action of, 32, 177 
crystallization of, 177 
inhibition of, 178 
Enterocrinin 
action of, 358 
preparation of, 357-58 
Enterogastrone 
action of, 357 
preparation of, 357 
Enzymes, 118-20 
activity tests, 35 
carbohydrate metabolism and, 26-33 
carbon dioxide fixation and, 195 
carbon dioxide utilization and, 38-41 
chemical nature of, 25 
dehydrogenating, 216-17 
digestive, adaption of, 212 
fermentation enzyme, preparation of, 
119 
formation in body, 26 
glycolytic, 8, 9 
hexosediphosphate hydrolysis by, 157 
inactivation of, 156 
inhibition of, 26, 177 
lipolytic, 216-17 
microscopic detection of, 706 
non-oxidative, 25-58 
protein, 1-4 
proteolytic, 42-43 
activation of, 43, 122 
distribution of, 43 
inhibition of, 43 
purity criterion of, 25 
from snake venom, specificity of, 157 
suppression of activity of, 35 
thiamin destruction by, 369 
in tumors, 489-93 
see also Coenzymes, Dehydrogenases, 
and specific enzymes 
Epinephrine 
myosin activity and, 160 
spasmolytic activity of, 570 
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Ergosterol 
acetylation of, 264 
hydrogenation of, 267 
Erucic acid 
oxidation products of, 99 
preparation of, 99 
Erysopine, 545 
Erythrocytes 
cerebrosides in, 108 
desoxyribonucleic acid in, 303 
destruction of, high-fat diet and, 226 
ketone bodies in, 218 
lysis of, 50 
oxidation-reduction mechanisms in, 
324 
permeability of, in vitro, 336 
thiamin in, 488 
Esters 
fractionation of, 101 
polymerization of, 101 
unsaturated, effect of heat on, 101 
Estrogens 
excretion of, 290 
metabolism of, 289 
ovariectomy and, 290 
testes degeneration after implantation 
of, 290 
Estrone 
activation of, 289 
conversion into estradiol, 289 
Estrus cycle, vitamin D and, 424 
Ethylene, auxin level in plants and, 649 
Eumydrin, 562 
Eupaverin, 565 
Exercise, phosphocreatine content of 
muscle during, 189 
Eyes, riboflavin and, 373 


F 
Fat, depot 
constitution of, 213 
dehydrogenase in, 217 
deposition of, 213-16 
fatty acids in, 213-14 
glycogen storage in, 216 
hypophysectomy and, 214 
obesity and, 231 
Fat metabolism, 211-38 
absorption, 211-13 
adrenalectomy and, 212 
gastrectomy and, 212 
gastric activity and, 213 
melting point of fat and, 211 
pancreas and, 213 
pancreatectomy and, 212 
stearic acid content of fat and, 211 
digestion, 211-13 
excretion, 211 
fat formation, from carbohydrates, 
215-16 
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Fat metabolism (cont.) Fatty acids (cont.) 
ketone bodies, role of, 217 calcium absorption and, 318 
phospholipids and, 107 dehydrogenase, 19 
radioactive phosphorus studies of, deposition of, 213-14 
499 determination of, by microtitration, 
sphingomyelin and, 499 98 
plasma phosphatase and, 711 essential, 221 
Fats and oils deficiency of, 221 
of alfalfa seed, 97 glycogen formation from, 8 
of almond, 105 iodine numbers of, 97 
»6 animal, 104, 105, 108 optical activity of, 98-99 
of arrow wood, 104 oxidation of, 99, 168, 220 
of avocado, 104 mechanisms of in vivo, 218-19 
n, bromination of, 103 rule of even distribution, 104 
of cocoa butter, 96 saturated, aerobic oxidation of, 168 
of cod liver, 101, 211 separation of 
of corn, 96, 104 by adsorption, 96 
of cottonseed, 100, 104 by crystallization, 97 
digestibility of, 211 solidification points of binary mixtures 
of Dutch night violet, 105 of, 97 
estimation of, 102 storage of, 214 
of grapeseed, 100 tumor growth and, 500 
of guanabana seed, 105 unsaturated in diet, 225 
of linseed, 100, 104 utilization of, 219 
hydrogenation of, 102 see also Fat metabolism, Fats and oils, 
ation iodine number determination, 94 and specific acids 
lard, linoleic acid in, 103 Fatty livers 
margarine, 103, 222 biotin and, 214 
non-caloric functions of, 221-26 cholesterol and, 214 
nutritive value of, 221-23 choline and, 214, 380 
olive oil, 96, 222 diet and, 290 
649 oxidation of, 103 glycogenolysis and, 230 
oxidized, carcinogenic action of, 225 hypophysectomy and, 215 
of peanut oil, 96, 222 inositol and, 214 
of of poppyseed, 100, 104 liver damage and, 230 
of ragweed seed, 104 thiamin and, 214 
rancidity of, effects of, 225 vitamin A and, 499 
of rape, 99 see also Liver fat 
of rice bran, 96 Fermentations, bacterial, 672 
of rye embryo, 105 Ferritin, 4, 121 
of safflower, 105 diffraction lines of, 142 
of sesame oil, 100 molecular weight analysis of, 132 
of soybeans, 97, 104, 222 preparation of, 121 
spectral analysis of, 95 structure of, 121 
squalene content of, 96 Fertilization 
of sunflower seed, 100 egg phospholipid content and, 111 
of thistle, 105 hyaluronidase and, 37 
of tobacco seed, 105 Fibrin, x-ray studies of, 140 
vitamin D-free, antirachitic effects of, | Fibrinogen, x-ray studies of, 140 
318 Flavin adenine dinucleotide, 5 
of watermelon seed, 104 Flavoproteins, 4-6 
of whale, 103 antibacterial action of, 6 
see also Bacterial lipids, Lipids, and of kidney, 4 
Phospholipids of liver, 4 
Fatty acids oxidation-reduction of, 196 
, 2il absorption spectra of, 95 see also specific substances 
analysis of, 94 Fluorine 
saponification number determina- caries and, 328 
tes, tion, 94 poisoning, 328 
thiocyanogen reaction in, 95 storage of, 328 
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Fluoride, adenosinetriphosphatase inhi- 
bition and, 200 
Folic acid, 385 
granulocytopenia and, 386 
Fructose 
phosphate esterification and, 165 
phosphorylation of, 172 
Fructosediphosphate, formation of, 173- 
74 
Fucoxanthin, occurrence of, 596 
Fumaric hydrogenase, 5-6 
Fumigatin, antibiotic action of, 688 
Fungi 
adaptation, 685-86 
amino acid synthesis by, 676-85 
antibiotic agents from, 688-81 
biochemistry of, 667-704 
cultural specificities of, 687-88 
growth of, 669 
growth-factor requirements of, 668-69 
genetic basis of, 670-71 
growth-factor synthesis by, 676-85 
heterocaryosis, 675-76 
inhibitions, 786 
luminosity in, 673 
metabolic products of, 687 
metabolism of, 673 
mutations of, 671 
induction of, 674-75 
respiratory functions of, vitamins and, 
669-70 
sexual phases of, biochemical reactions 
and, 673-74 
symbiosis, 675-76 
synthetic capacity of, changes in, 685- 


vitamin C synthesis by, 669 

vitamin requirements of, 668-69 
genetic basis of, 670-71 

vitamin synthesis by, 676-85 

see also Molds 


G 
Galactogen, 79-80 
source of, 80 
structure of, 80 
Galactose, phosphorylation of, 27 
Galactose-1-phosphate, fermentation of, 
173 
Gastrin, 357 
Gastrointestinal tract 
hormones of, 356-58 
vitamin A absorption from, 412 
Gelatin, as plasma substitute, 244-45 
Genes 
biochemical reactions controlled by, 
672-73 
dominance of, 676 
enzyme production and, 672 
fungi metabolism and, 673 
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Gliotoxin, action of, 689 
Globulins 
antibody function of, 133 
in muscle, 158 
sedimentation constants of, 133 
Glucoascorbic acid, 394 
Glucose 
absorption of, by intestine, 200 
phosphate esterification and, 165 
phosphorylase inhibition by, 164 
phosphorylation of 
insulin and, 199 
in kidney, 173 
Glucose oxidase 
antibacterial action of, 6 
catalytic activity of, 6 
Glucose-1-phosphate 
fermentation of, 173 
in liver, 172-73 
polysaccharide from, 164 
Glucose tolerance, obesity and, 232 
Glutaconic acid, color reactions of, 
204 
i-Glutamic acid, in tumors, 123 
Glycerides, 101-7 
adsorption of, 103 
crystallization of, 103 
properties of, 106 
see also Fats and oils 
Glycine 
enzymatic oxidation of, 16 
separation of, 125 
Glycine oxidase, 4-5 
Glycogen, 71-72 
anaerobic breakdown of, 33 
in brain, 200 
deposition of, in adipose tissue, 194 
deposition in liver 
adrenalectomy and, 201 
sodium chloride and, 188-89 
formation of, 8 
of liver 
acid feeding with glucose and, 195 
adrenalectomy and, 287 
formation of, 173 
glycine and, 257 
hyperglycemia and, 202 
molecular shape, 72 
molecular weight, 72 
phosphorylation of, 188, 198 
storage in adipose tissue, 216 
structure of, 71, 188 
synthesis in vivo, 188 
titrimetric determination of, 711 
Glycolysis, 6-10, 187-91 
aerobic, 191 
anaerobic, 716 
of cartilage cells, 719 
enzymes of, 190 
iodoacetate and, 192 
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Glycolysis (cont. ) 
oxygen and, 191 
respiration and, 191-92 
Glycosuria 
insulin and, 354 
pituitary gland and, 201 
Glyoxylic acid 
ketogenic action of, 220 
oxidation of, 20 
Gold, excretion of, 330 
Gonadotropic hormones, 350-52 
anti-, 359-60 
bioassay of, 352 
in pituitary gland, hemin and, 324 
of pregnancy serum, 351-52 
of pregnancy urine 
preparation of, 351 
purification of, 121 
preparation of, 350 
in urine 
spermatogenesis and, after hypophy- 
sectomy, 351 
testes weight and, 351 
Gonadotropins, excretion of, 290 
Gorgosterol, occurrence of, 263 
Gramicidin 
effect on respiration, 10 
esterification and, 10 
fermentation and, 10 
Graminifoline, 540 
Grantianine, 540 
Growth 
p-aminobenzoic acid and, 387 
biotin and, 384 
protein deficiency and, 469 
manganese deficiency and, 325 
a-tocopherol and, 428 
Growth substances, formation of, by 
fungi, 676-85 
Guanidine hydrochloride, protein denatu- 
ration and, 144 
Guanosine 
derivatives of, 305 
methylation and hydrolysis of, 304 
preparation of, 305 
production of, in nucleic acid hydroly- 


sis, 299 
Guanylic acid, position of, in nucleic 
acids, 299 
H 
Hair 
lead in, 327 


pigmentation of 
pantothenic acid and, 380 
p-aminobenzoic acid and, 388 
Heart 
cerebrosides in, 111 
citrogenase in, 15 
glycogen of, 195 


NI 


Heart (cont.) 
phosphate exchange in, 10 
potassium deficiency and, 335-36 
Hemicelluloses, 82-84 
Hemin, pituitary gonadotropic hormone 
and, 324 
Hemocyanin, molecular dissociation of, 


Hemoglobin 
formation of 
amino acids and, 243 
calcium feeding and, 423 
pyridoxin and, 378 
vitamin D and, 423 
regeneration of, 241-45, 324 
structure of, 141 
tryptophane deficiency and, 254 
x-ray diagrams of, 135 
Hemoglobinuria, cobalt deficiency and, 
475 
Heparin, lipemia and, 212 
Heptaldehyde 
embryo resorption and, 511 
kidney damage and, 511 
tumor growth and, 510-11 
Heliotridine, 536 
Heliotrine, 540, 545 
Hexestrol, testes atrophy and, 201 
Hexokinase 
action of, 28, 172, 189 
fructose phosphorylation and, 172 
occurrence of, 172 
Hexone bases 
chromatographic separation of, 126 
estimation of, 127, 128 
separation of, 123 
Hexosediphosphate, hydrolysis of, 157 
Hexosemonophosphate 
fermentation of, 170 
formation of, 172-73 
Hieracifoline, 539 
Histamine 
spasmodic activity of, 553 
tumor hemorrhage and, 509 
Histidase 
in liver, 45 
preparation of, 45 
Histidine 
isolation of, 124 
metabolism of, 256 
nitrogen equilibrium and, 240, 241 
in pregnancy urine, 45 
Histochemistry, 705-34 
colorimetric techniques, 710 
of the eye, 719 
gasometric investigations, 715-19 
Barcroft technique, 718-19 
capillary microrespirometer, 717 
Cartesian diver micromanometer, 
715-16 
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Histochemistry (cont.) 
gasometric investigations (cont.) 


micrometer-burette respirometer, 
717-18 

optical lever microrespirometer, 
716-17 


Warburg technique, 718-19 
microbiological techniques, 709-10 
physical techniques 

dilatometric investigations, 720-21 

electron microscopy, 723-24 

microincineration, 723-24 

polarographic investigations, 724 

ultraviolet microscopy, 721-23 
staining techniques, 705-9 

for ascorbic acid, 705-6 

for bile constituents, 708-9 

for enzymes, 706-8 

for hormones, 708 

for nucleic acid, 708 

for sulfonamides, 709 
titrimetric techniques, 710-15 

Linderstrgm-Lang-Holter, 710-14 

quantitative drop analysis, 714 
A-homocholestanone, structure of, 281 
A-homodihydrotestosterone, structure of, 
281 
Homogentisic acid, excretion of, 252 
Honey, antihemorrhagic activity of, 433 
Hormones, 120-21, 347-66 
activity of, vitamins and, 399 
adenotropic, properties of, 120 
flower formation and, 584-85 
see also individual glands and specific 

hormones 
Hunnemanine, 542-43 
Hurain, occurrence of, 42 
Hyaluronic acid 
antigenic properties of, 38 
breakdown of, 36 


Hyaluronidase 


assay of, 35 

fertilization and, 37 

inhibitors of, 37 

in vitro action of, 37 

in vivo action of, 37 

mucin clot prevention and, 35 
skin spreading factor and, 35 
sources of, 35 

in tumors, 492 

Hydrocarbons, absorption of, 228 
Hydrochloric acid, protein hydrolysis 
and, 122 


Hydrogenases 


activity of, 196 
yeast metabolism and, 196 


Hydrogen ion concentration 


of mammary gland, 216 
muscle tone and, 553 
myosin activity and, 160 
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Hydrogen peroxide, action on catalase, 4 

Hydrogen transport, 196-98 

12-Hydroxyprogesterone, dehydration 
of, 266 

Hypertension, clinical, ascorbic acid and, 
394 


Hypertension, experimental, vitamin A 
and, 414 

Hypothalamus, environmental tempera 
ture and, 331 

Hypoxanthine, ascospore germination 
and, 670 


I 
Inanition, blood picture and, 373 
Indoleacetic acid, plant growth and, 
631 
Infections, biotin deficiency and, 384 
Inositol 
isolation of, 381 
lipotropic action of, 214 
psoriasis and, 381 
requirement for, of fungi, 668 
tumor growth inhibition by, 381 
Insulin, 354 
blood lipids and, 230 
blood sugar and, 195 
carbohydrate metabolism and, 198-99 
diabetes and, see Diabetes mellitus 
glycosuria and, 354 
ionizable groups of, 142 
molecular weight of, 132 
polypeptide chains in, 142 
pyruvate oxidation and, 198 
reduction of, 132 
respiration and, 13 
sedimentation constant of, 132 
tissue respiration and, 198 
tyrosine groups in, 129 
in urine, 354 
water and electrolyte distribution and, 
199 
Intergerrimine, 539 
Intermedin, 120 
Intestine 
absorption from 
of galactose, pantothenic acid and, 
8 


of glucose, 200 
of vitamin A, 411-13 
alkaline phosphatase of, 46, 707 
flora of, sulfonamides and, 388 
motor activity of, 413 
thiamin synthesis in, 389 
vitamin K synthesis in, 430 
see also Gastrointestinal tract 
Invertase 
behavior of, 33 
purification of, 33, 119 
Iodide, excretion of, 329 
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Iodine 
animal nutrition and, 471 
metabolism of, 328-29 
requirement for, animal, 471 
in serum, 329 
lodoacetate, glycolysis and, 192 
Iron 
absorption of, 322-23 
anemia and, 323 
phytic acid and, 322, 462 
by plants, 612 
stomach and, 323 
animal nutrition and, 476 
balance, 323 
excretion of, 322-23 
hemoglobin formation and, 32 
requirement for, human, 442-43 
storage of, 323 
Isatidine, 540 
Isocitric acid 
formation of, 193 
polarimetric determination of, 193 
Isoleucine 
biosynthesis of, 682 
nitrogen equilibrium and, 240 
Isomerase, action of, 190 


J 
Jacobine, 539 
Jaundice, plasma phosphatase and, 47 
Jervine, 545 


K 
Keratins 
disulfide bonds in, 122 
hydrolysis of, 122 
x-ray diffraction of, 138 
Keto acids, oxidation of, 166-67 
inorganic phosphate and, 167 
a-Ketoglutarate, oxidation of, 167 
Ketone bodies 
in blood, exercise and, 195 
formation of, 217 
in plasma, 218 
role of, in fat metabolism, 217 
in urine, 218 
Ketonuria 
blood ketone bodies and, 218 
diabetes and, 195, 218 
Ketosis, 217-18 
diabetes and, 218 
of fasting, 217, 218 
Kidney 
Addison’s disease 
androgens and, 336 
chloride excretion and, 333-34 
aerobic utilization of acetate by, 194 
citric acid formation in, 14 
citrogenase in, 14 
damage to, low mineral diet and, 332 


Kidney (cont.) 

deterioration of, salt deficiency and, 
331 

diseases of, blood lipids and, 108 

extirpation of 
blood lipids and, 230 
potassium deficiency and, 336 

flavoproteins in, 4 

glomerular filtration, dehydration and, 
332 

glucose phosphorylation in, 173 

glycine oxidation and, 16 

histochemistry of, 711-12 

hypertrophy of, potassium deficiency 
and, 336 

lipids of, hepatectomy and, 109 

phosphatase of, 156 

Kynurenine 

properties of, 255 

structure of, 255 

tryptophane feeding and excretion of, 
255 


L 


Laccase, composition of, 25 
Lactation 
calcium and, 320, 457, 473 
natural feeds and, 469 
nutrition and, 456-59 
protein deficiency and, 469 
thiamin requirement and, 459 
Lactogenic hormone, see Prolactin 
B-Lactoglobulin, x-ray diffraction meas- 
urements of, 142 
Laminarin 
end-group determination of, 81 
hydrolysis of, 81 
structure of, 81 
Lanthanum, anticoagulant action of, 330 
Larocain, 557 
Lasiocarpine, 540 
Lead 
absorption of, 326 
in hair, 327 
poisoning 
ascorbic acid and, 394 
sodium citrate and, 327 
Lecithins 
in blood, 106 
blood vitamin A and, 411 
of cottonseed, 106 
dehydrogenation of, 216 
of flaxseed, 106 
molecular breakdown of, 157-58 
in peanuts, 106 
of soybean oil, 107 
see also Phospholipids 
Leptocladine, 546 
Leucine 
bioassay of, 695 
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Leucine (cont.) 
biosynthesis of, 682 
nitrogen equilibrium and, 240 
plant nutrition and, 633 
separation of, 125 
Leucocytes 
leucopenia, sulfonamides and, 452 
thiamin in, 488 
Linoleate, purification of, 96 
Linoleic acid 
preparation of, 97, 100 
structure of, 100 
in various fats, 103, 105 
Linolenic acid 
isomer of, in fish oil, 101 
in linseed oil, 105 
preparation of, 97 
Lipase, in mammary gland, 216 
Lipidosis, 232 
Lipids, 93-116 
in bone marrow, anemia and, 110 
determination of, 106 
of malignant tissue, 495 
structure of, 228 
see also Cerebrosides, Fats and oils, 
Fat metabolism, Phospholipids, etc. 
Lipocaic 
fatty livers and, 214 
lipotropic activity of, 214 
vitamin E deficiency and, 214 
Lipositol, 107 
Lipoxidase, 18-19 
action on unsaturated fatty acids, 18 
carotene and, 18 
Liver 
d-amino acid oxidase in, carcinoma 
and, 247 
arginase activity of 
adrenalectomy and, 355 
hypophysectomy and, 349 
atrophy of, di-methionine and, 251 
carcinogenic factor in, 505 
catalase activity of, tumors and, 490 
damage to 
chloroform and, 230 
plasma vitamin A and, 414 
vitamin A distribution in, 722 
diseases of, serum proteins and, 244 
estrogenic activity in, 289 
estrogen metabolism in, 289 
extirpation of 
blood lipids and, 109 
kidney phospholipids and, 109 
plasma proteins and, 241 
fatty acid dehydrogenase of, 216 
fatty infiltration of, bromine-substi- 
tuted fatty acids and, 221 
flavoproteins in, 4 
functions of 
thyroid feeding and, 46 


Liver (cont.) 
functions of (cont.) 
vitamin A and, 413-14 
vitamin B-complex deficiency and, 
397 
vitamin B deficiency and, 290 
glucose-1-phosphate in, 172-73 
glycine oxidation and, 16 
glycogen deposition in, adrenalectomy 
and, 201 
hepatomas 
creatine content of, 498 
enzymes in, 490 
peptidase activity of, 492 
vitamin A and, 489, 499 
histidase in, 45 
lipids of, half-life period of, 109 
manganese excretion by, 325 
nucleic acid content of, 303 
regenerating, fat content of, 214 
sterols in, 287 
uricase in, 19 
urocanase in, 45 
vitamin content of, 488 
vitamin storage in, 398 
water distribution in, insulin and, 19¥ 
Liver fat, 214-15 
accumulation of, 215 
choline deficiency and, 214 
constitution of, 107, 109 
glycogen storage in, 216 
N-methyltryptophane and, 254 
mineral deficiency and, 214 
obesity and, 232 
see also Fatty livers 
Lobeline, 567 
Longilobine, 539 
Lungs 
lipids of, 110 
sterols in, 287 
Lupinine, 540 
Lutein 
adsorbability of, 602 
occurrence of, 595 
Lycopodine 
distribution of, 534-35 
structure of, 535 
Lysine 
deficiency, effects of, 240 
isolation of, 124 


M 
Magnesium 

absorption of, 316-20 

by plants, 611, 618 

phytic acid and, 316 

proteins in diet and, 317 
in cell nuclei of thymus gland, 322 
excretion of, 317 
myosin inhibition and, 160 
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Magnesium (cont.) 
requirement for, 320 
in serum, 321, 322 
solubility of salts of, 317 
Magnoline, 545 
Malaria, biotin and, 384 
Malic acid 
oxidation of, 168 
polarimetric determination of, 193 
Malignant tissue, 487-532 
d-amino acids in, 246, 247 
ascorbic acid content of, 488 
coenzymes I and II in, 492 
copper in, 327 
dehydrogenase from, 191 
desoxyribonucleic acid in, 303 
phospholipids in, 227 
protein structure of, 493 
radiophosphate metabolism in, 498-99 
vitamin E in, 489 
see also Cancer and Tumors 
Mammary gland 
cancer of, steroid excretion and, 290 
hydrogen ion concentration of, 216 
lipase in, 216 
oxygen consumption of, 217 
phosphatase of, 156 
tumors of, 504-5, 512 
Manganese 
absorption of, 324 
deficiency of, 325 
excretion of, 325 
in bile, 325 
in milk, 326 
myosin activity and, 160 
Mannans, from yeast, structure of, 82, 
83 
Metals, as carcinogens, 501 
Methemoglobinemia, ascorbic acid and, 
324 
Methionine, 251-52 
biosynthesis of, 680 
cystine and, 251 
deamination of, 251 
estimation of, 124, 125 
growth and, 251 
nitrogen balance and, 239 
transmethylation by, 250 
wool production and, 469 
see also Amino acid metabolism 
dl-Methionine, liver atrophy and, 251 
Methylcholanthrene 
carcinogenesis and, 503 
excretion of, 508 
skin biochemistry and, 503 
Mikanoidine, 540 
Milk 
deficiency symptoms on diet of, 433-34 
manganese in, 326 
thiamin in, 372 
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Milk factor, 504-5 
distribution of, 504 
properties of, 504 
tumors and, 504 
Milk fat 
determination of, 102 
growth and, 222 
linoleic acid in, 103 
structure of, 104 
Mineral metabolism, 315-46 
vitamin D and, 422-24 
see also specific substances 
Minerals 
absorption of, 315 
excretion of, 315 
see also specific substances 
Molds 
ascospore germination, heat and, 669 
metabolic products of, interrelation- 
ships of, 691-94 
Molecular distillation, 97 
Molybdenum, physiological effects of, 
327 
Monocrotalline, 540 
Monocrotoline, 536 
Mucilages 
solubility of, 84 
structure of, 84-85 
Muscle 
adenosinetriphosphatase activity of, 
158 
cerebrosides in, 111 
contraction of, ketone bodies and, 195 
globulin content of, 158 
myokinase in, 118 
phospholipids of, vitamin E deficiency 
and, 111 
phosphorylase of, 27, 118, 187 
activity of, 164 
molecular weight of, 164 
preparation of, 6, 7, 164 
properties of, 6-7 
properties of, adenosinetriphosphate 
and, 161 
thiamin content of, 368 
tone of, hydrogen ion concentration 
and, 553 
water distribution in, insulin and, 199 
Muscle metabolism, vitamin E and, 427 
Myokinase 
action of, 28-29, 174-75 
catalytic activity of, 9, 118 
occurrence of, 118, 174 
properties of, 27-28, 189 
stability of, 174 
Myosin, 9 
activation by calcium ions, 160 
activity of, epinephrine and, 160 
adenosinetriphosphatase activity of, 
160 
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Myosin (cont.) 
adenosinetriphosphate dephosphoryla- 
tion and, 31 
cataphoresis of, 159 
denaturation of, 159 
diffraction period of, 141 
enzymatic activity of, 31, 159 
hydrogen ion concentration and, 160 
extensibility of fibril of, 161 
flow birefringence of, 161 
inhibition of, 160 
phosphorylation of, 162 
potassium content of, 162 
purification of, 160 
separation of, 159 
solubility of, 159 
viscosity of, 161 
x-ray diffraction of, 138 
Myristic acid, 97 


N 
Naphthaleneacetic acid, plant growth 
and, 638 
Narcotine, 542 
Neodymium, anticoagulant action of, 
330 
Nerves, carbohydrate metabolism in, 
199-200 
Nicotinamide 
determination of, 374 
excretion of, 251 
exercise and, 376 
growth and, 251 
obstetric analgesia and, 376 
see also Nicotinic acid 
Nicotine, occurrence of, 534 
Nicotinic acid, 374-76 
assay of, 374 
asthma and, 376 
bacterial growth and, 454 
deficiency of, in chicks, 375 
diabetes and, 376 
distribution of, 722-23 
excretion of, 375 
glucose metabolism and, 375 
losses in food preparation, 450 
methylation of, in liver, 375 
requirement for 
animal, 375-76 
of fungi, 668 
human, 442-43 
storage of, by yeast, 376 
synthesis of, by yeast, 375 
in sweat, 451 
vasospasm and, 376 
Nitrogen 
absorption of, by plants, 618 
determination of, 712 
equilibrium, amino acids essential for, 
239-40 


Nitrogen (cont.) 
excretion of, hypoalbuminemia and, 
242 
metabolism of, tumor formation and, 
497-98 
Novatropine, 563 
Nucleic acids, 295-314 
in chromosomes, 303, 721 
function of, in cells, 721 
hydrolysis of, 298-99 
resistance to enzyme action, 300 
see also Desoxyribonucleic acid and 
Ribonucleic acid 
Nucleoproteins 
of cells, 302 
dialysis of, 302 
extraction of, from tissue, 302 
from malignant tissue, 494-95 
sedimentation constant of, 132 
Nucleosides, 305-7 
desoxyribo-, 306-7 
formation of, 299 


liberation of, in nucleic acid hydroly- 


sis, 299 
preparation of, 305-6 
Nucleotides, 305-7 
in blood, gout and, 309 
desoxyribo-, 306-7 
phosphorylation of, 306 
position of, in nucleic acids, 399 
preparation of, 306 
Nucleus 
of cell, preparation of, 303, 725- 
27 


nucleoproteins of, 302 
Nutrilites, 633 
Nutrition, 441-66 
deficiency diseases and, 445, 446 
diets of the population 
income and, 444-45 
nutrition education and, 445 
food enrichment and, 461-63 
industrial performance and, 451-52 
lactation and, 456-59 : 
military rations, 459-61 
pregnancy and, 458 
public health and, 445-52 
reproduction and, 456-59 
surveys, 447 
thiamin synthesis and, 449 
work output and, 449 
Nutritional requirements 
of adults, 442 
of children, 442 
of infants, 442 
lactation and, 458 
pregnancy and, 458 
standards of, 441 
recommended dietary allowances, 
442-43, 444 








oly- 
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Nutritional state 
congenital malformations and, 457 
of farm mammals on natural feeds, 
467-86 
energy and, 467-69 
goiter and, 471 
reproduction and, 467 
malnutrition 
physical fitness and, 448 
work capacity and, 448 
plasma ascorbic acid and, 446, 447 
pregnancy anemia and, 458 
Nutritional value 
of Army rations, 459 
losses in food preparation, 449-50 
of natural feeds, 467-86 
age of plant and, 468 
milk production and, 467, 469 
mineral content, 471-77 
protein content, 469-71 
rainfall and, 469 
vitamin content, 477-80 
wool production and, 467 


re) 
Oatmeal, rachitogenic effects of, 317 
Obesity, 231-33 
carbohydrate metabolism and, 232 
fatty acid metabolism and, 231 
fatty acid oxidation and, 109 
glucose tolerance and, 232 
liver fat and, 232 
Octadecenoic acids 
hydrogenation of, 99 
properties of, 98 
structure of, 98 
Oleic acid, 98 
induction period for oxidation of, 


oxygen absorption rate of, 99 
Ornithine, urea synthesis and, 249 
Osmotic pressure, regulation of, in body, 
331 

Otosenine, 540 

Ovaries, extirpation of, estrogen metabo- 
lism and, 290 

Oxaloacetic acid 

in citric acid cycle, 16 

decarboxylation of, 195 

formation of, in skeletal muscle, 

197 
Oxidations 
aerobic, inorganic phosphate and, 
166 

aldehyde, 166 

mechanisms of, 218-21 

phosphorylation and, 166, 198 
Oxidation-reductions, 1-24 

in erythrocytes, 324 
Oxoisomerase, 29 


P 
Palmatine, 542 
Palmitic acid, 97, 98 
Pancreas 
choline esterase in, 48 
enzymes of, diet and, 212 
extirpation of 
fat absorption and, 212 
fatty livers and, 215 
islet tissue of 
alloxan and damage to, 354 
degeneration of, 203 
pseudocholinesterase in, 119 
ribonucleic acid of, 295 
Pancreozymin 
action of, 357 
preparation of, 357 
Pantothenic acid, 378-80 
assay of, 378 
biosynthesis of, 678 
in blood, 378 
bacterial growth and, 454 
deficiency of 
achromotrichia and, 389 
hair pigmentation and, 380 
intestinal galactose absorption and, 


excretion of, 451 
in plants, 709 
requirement for 
animal, 379 
of fungi, 669 
in sweat, 451 
utilization of, biotin and, 389 
Pantoyltaurine, 379 
Papain, action of 
on diphtheria antitoxin, 133 
on pseudoglobulin, 133 
Papaverine, 549, 560 
analogues of, 566 
isolation of, 564 
solubility of, 565 
spasmolytic activity of, 552, 560, 564 
565 
substitutes for, 566 
Parathyroid glands 
extirpation of, serum calcium and, 
356 
hypophysectomy and, 356 
kidney action and, 356 
Paraxanthine 
anti-thyroid activity of, 329 
basal metabolic rate and, 353 
thyrotoxicosis and, 353 
Pasteur enzyme, 192 
Patulin, structure of, 689 
Pavatrine, 559-60 
Pellagra 
adenylic acid and, 308 
corn as factor in, 376 
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Penicillin 
antibiotic action of, 688 
assay of, 695 
urease inhibition and, 44 
Peptidases 
determination of, dilatometric method 
for, 720-21 
distribution of, 713 
Peroxidases, 1—4, 26 
catalytic activity of, 1 
properties of, 2-4 
purification of, 1 
types and properties of, 2 
Perparin, 565 
Phenylalanine, 252-54 
alcaptonuria and, 252 
estimation of, 124 
excretion of, 253 
metabolism of, 253 
nitrogen equilibrium and, 240 
oxidation of, 253 
l-Phenylalanine, enzymatic oxidation of, 
17 
Phenylbutyric acid, plant growth and, 
646 
Pheophytins, 599 
adsorbability of, 602 
Phlorhizin 
inhibition of glucose phosphorylation 
by, 173 
phosphorylase inhibition by, 187 
pituitary diabetes and, 202 
Phosphatases, 46-48 
acid 
activity of, 46 
inhibition of, by fluoride, 157 
in tissues, 706, 707 
activity of, 155, 156 
alkaline 
activity of, 46 
distribution of, 47 
purification of, 46 
in tissues, 706 
cocarboxylase, 162 
composition of, intestinal, 155 
demonstration of, in tissues, 47 
inactivation of, 156 
occurrence of, 156 
of prostate, 47 
purification of, 155 
specificity of, 155 
sulfhydryl groups in, 161 
tissue stains for, 706 
of urine, 47 
see also specific enzymes 
Phosphate 
deposition of, in tumors, 491 
esterification of, 165 
adrenalectomy and, rate of, 175 
in fatty acid oxidation, 168 


Phosphate (cont.) 
esterification of (cont.) 
in malic acid oxidation, 168 
by oxidation, 166-69 
in succinic acid oxidation, 167-68 
equilibrium constants and, 190 
intracellular, radioactivity of, 172 
Phosphate bonds 
creation of, 163-69 
energy-rich, storage of, 171-72 
high-energy, 166, 198 
hydrolytic cleavage of, 155-62 
low-energy, 166 
phosphorylative oxidation and, 166 
Phosphate compounds 
analysis of, 178-79 
determination of, 178-80 
in liver, 178 
Phosphate transfer, 169-75 
inhibition by phlorhizin, 173 
intermolecular, 169-75 
intramolecular, 175 
myokinase and, 174-75 
Phospherases, 26-33 
Phosphocreatine 
phosphate renewal in, 171 
storage of energy-rich phosphate bonds 
and, 171 
Phosphodiesterase, 157-58 
Phosphoglucomutase 
action of, 28, 175 
distribution of, 216 
Phosphoglyceraldehyde, oxidation and 
phosphorylation of, 166 
Phosphoglyceric acid, dehydration of, 
178 
Phosphoglyceromutase, action of, 32, 
175 
Phospholipids, 106-7, 226-28 
determination of, 106 
diet and composition of, 227 
distribution of, 106 
of eggs, fertilization and, 111 
formation of, 157 
in malignant tissue, 227 
methods of investigation of, 226-27 
in soybean, 227 
structure of, 227 
synthesis of, in vivo, 227 
in tissues, determination of, 107 
in visual purple, 109 
see also Fat metabolism, Fats and oils, 
Lipids, and specific substances 
Phosphopyruvate, dephosphorylation of, 


Phosphopyruvic acid, enzymatic break- 
down of, 32 
Phosphorus 
animal nutrition and, 471-73 
deficiency of, 472 
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Phosphorus (cont.) 


deficiency of (cont.) 
in farm animals, 471-73 
rickets and, 426 


Phytic acid 
calcium absorption and, 316 
iron absorption and, 322, 462 
Phytohormones, 631-32 


58 metabolism of, sphingomyelin and, 499 Pigments 
radioactive chloroplast, 591-610 
cancer and, 498 adsorbability of, 601-2 
metabolism of, in malignant tissue, energy absorption by, 604 
498-99 formation of, 593 
phospholipid metabolism studies, function of, 591-92 
499 optical properties of, 603-4 
uptake of, by malignant tissue, 498 oxidation of, 602-3 
reproduction and, 472 photosynthetic activity of, 592 
6 Phosphorus compounds, 155-86 properties of, 592, 598-604 
biological preparation of, 180 spectral properties of, 592 
chemical synthesis of, 180 in plants 
creation of phosphate bonds, 163-69 development of, 598 
hydrolysis of, 158 synthesis of, 592 
| hydrolytic cleavage of phosphate proteinaceous, 594 
bonds, 155-62 Pineal gland, hormonal effects of, 358 
| occurrence of, 179-80 Piperidine, 545 
physico-chemical studies of, 180 Piridinin, occurrence of, 596 
Phosphorylase, 164-65 Pituitary gland 
| action of, 27, 118 adrenocorticotropic hormone, 348-49 
catalytic properties of, 118 adrenal glands and, 348-49 
| crystallization of, 187 molecular weight of, 348 
onds dissociation constant of, 187 preparation of, 348 
distribution of, 165, 189 adrenotropic effect of, 120 
inhibition of, 164 anterior lobe of, extracts of, muscle 
isolation of, 187 glycogen and, 349 
molecular weight of, 119, 187 extirpation of 
in muscle, 27 appetite and, 214 
nd | occurrence of, 118 carbohydrate utilization and, 201 
5 preparation of, 164 depot fat and, 214 
bE, properties of, 27 fatty livers and, 215 
structure of, 119 liver arginase activity and, 349 
sucrose synthesis and, 165 parathyroid function and, 356 
Phosphorylation, 187-91 growth hormone of, 349-50 
aerobic, 198 bioassay of, 349 
of creatine, 188 glucose excretion and, 201 
dephosphorylation, arsenate and, muscle glycogen and, 349 
171 preparation of, 349 
of fructose, 172 purification of, 121 
desoxycorticosterone and, 188 intermediate lobe, intermedin from, 
oxidations and, 198 120 
27 phosphorolysis, 165 posterior lobe, pharmacological activi- 
potassium ions and, 188 ties of, 350 
Phosphotriose isomerase thyrotropic hormone of, 348 
action of, 31-32 anti-, 360-61 
synthesis of, 32 Placenta, calcification of, 321 
; Photosynthesis Plant metabolism 
oils, glutathione content of leaves and, nitrogen metabolism, 624-25 
586 nutrient effects in, 623-26 
n of, photoperiodic induction and, 586 sulfur metabolism, 624 
Phthalic acid, vitamin K activity and, thiamin and, 632 
ak- 432 see also Plant nutrition 
Phycocyanin, absorption spectra of, 603 Plant nutrition 
Phycoerythrin, occurrence of, 597 essential substances, 633 
Physostigmine, cholinesterase inhibition interactions in, 616, 617, 628 
and, 49 calcium-magnesium, 618-19 
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Plant nutrition (cont.) 

interactions in (cont.) 
calcium-potassium, 615-17 
phosphorus-potassium, 614 
potassium-nitrogen, 614 
sodium-potassium, 619-23 

methods of study of, 626-28 

mineral, 611-30 

nutrient media, 613-14, 618 

potassium and, 614-15 

sodium and, 619-23 

vitamins and, 632 

see also Plants, growth of, and specific 
substances 

Plants 

angiosperms, classification of, 576-80 

anthocyanin sythesis in, 691 

anthoxanthin synthesis in, 691 

bud inhibition, 648, 655-56 

calcium content of, potassium absorp- 
tion and, 615-16 

calcium-potassium ratio of, growth 
and, 615 

chalcone synthesis in, 691 

coenzymes in, 632-33 

differentiation in, 652-53 

electrolyte absorption by, 611-13 
auxins and, 612 
growth and, 620, 621 
hydrogen ion concentration and, 

616 

potassium deficiency and, 618-19 
rate of, 611 
by root cells, 613 

energy utilization by, 591 

flower formation 
age and, 579 
defoliation and, 583 
hormones and, 584-85 
photoperiod length and, 578-79 
stages of, 579 

fruit development, 653-54 

gall development, 649-52 

growth of, napthaleneacetamide and, 
658 

growth substances, 631-66 
abscission and, 654-55 
indoleacetic acid and, 658 
phytohormones, 631-32 
synthetic, 647-48 

hormones of, traumatic acid, 632 

indoleacetic acid, 631 

leaves of 
absorption spectra of, 604 
photoperiodic stimulation of, 584 

“long-day,” 576-77, 580 

mycorrhiza, role of, 612 

nodules, 649-52 

ornithine cycle in, 683 

pantothenic acid in, 709 


Plants (cont.) 

phosphorus content of, carbohydrates 
and, 614 

photoperiodism in, 575-90 
cambial activity of stems and, 586 
chlorophyll content and, 586 
enzyme activity and, 586 
flower development and, 576 
geographical origin and, 577 
induction of, 580-84 
light and, 578 
“long-day,” 576 
reproduction and, 575 
“short-day,” 576 
temperature and, 577 
tuber formation and, 575 
vegetative extension and, 575 

photoinductive cycle, 576 

potassium in 
content of, 614 
carbohydrates and, 614 

potassium deficiency in, 618-19 
calcium-magnesium ratio and, 618~ 


electrolyte absorption and, 618 
sodium and, 620 
symptoms of, 618 
toxicity and, 618 
proteins of, 624 
respiration 
amino acids and, 624 
auxins and, 638, 642-43 
infection and, 612 
protein content and, 624 
rate of, 611 
water content and, 624 
riboflavin in, 709 
roots 
caulocaline production by, 613 
electrolyte absorption by, 613 
formation of, 656-58 
growth of, aeration and, 613 
potassium in, 623 
“short-day,” 576-77, 580 
sodium in 
assimilation rate and, 620 
calcium absorption and, 620, 622 
growth and, 620 
phosphate absorption and, 622 
sulfur deficiency in 
chlorophyll formation and, 623 
decomposition and, 623 
proteolysis and, 624 
synthetic ability of, 652 
transpiration of 
electrolyte absorption and, 611 
photoperiodic induction and, 585 
water absorption by, 612 
auxins and, 643-45 
salts and, 612 
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Plants (coné.) 
water in 
protein content and, 624, 625 
salt content and, 625-26 
variation of, 625 
Plasma lipids, see Blood lipids 
Plasma, vitamin A in, liver damage and, 
414 
Plasmapheresis, plasma protein regener- 
ation and, 241 
Plasma proteins, 108 
amino acids and production of, 243 
hepatectomy and, 241 
regeneration of, 241-42 
plasmapheresis and, 241 
tissue proteins, interchange between, 
241 
tryptophane deficiency and, 254 
see also Serum proteins 
Platynecine, 536 
Platyphylline, 540 
Pneumonia, chloride metabolism and, 
333 
Poliomyelitis, thiamin excretion in, 372 
Polyneuritis, thiamin deficiency and, 


Polysaccharides 
B-amylase action on, 69 
catalytic action of, 7 
composition of, 59-60 
enzyme action on, 164 
enzymes destroying, 163 
galactose-containing, 76-80 
from glucose-1-phosphate, 164 
molecular constitution of, 7 
“repeating unit” in, 60 
structure of, 59, 165 
glucosidic linkages in, 163 
synthesis of, 164-65 
in tumors, 495 
from wheat grain, structure of, 86 
see also Hemicelluloses and specific 
substances 
Potassium 
absorption of, by plants, 612, 615, 
616 
deficiency of, effects of, 335-36 
excretion of, 336-37 
isotopes of, in tumors, 495 
in muscle, 335 
osmotic pressure anc, 335 
in serum, stasis and, 335 
titrimetric determination of, 711 
Pregnancy 
blood vitamin A and, 418 
calcium deficiency and, 320 
calcium stores and, 457 
edema and, 330-31 
nutrition and, 458 
thiamin requirement and, 459 
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Pregnanediol glucuronidate 
excretion of, 288 
hydrolysis of, 288 
Procaine, action of, 551 
Procaine esterase, distribution of, 50 
Progesterone 
adrenalectomy and, 354 
oxidation of, 272-73 
Prolactin, 347-48 
amino acid content of, 348 
electrophoretic analysis of, 137 
isolation of, 347 
mammary glands and, 348 
molecular weight of, 348 
preparation of, 120 
Proline, separation of, 125 
Prolycopene, occurrence of, 600 
Prostate 
acid phosphatase in, 707 
carcinoma of, castration and, 707 
phosphatase of, 47 
Prostigmine, cholinesterase inhibition 
and, 49 
Protein metabolism, 239-62 
Proteins, 117-54 
amino acid composition of, 124 
amino acid pattern in, 130 
amino acid residues, occurrence of, 
138 
space requirements of, 139 
animal nutrition and, 469-71 
Bergmann-Niemann hypothesis, 129 
composition of, 125 
corpuscular, 141—42 
layer structure of, 141 
structure of, side-chains and, 142 
crystallization 
optical resolution and, 141 
water of, 141 
crystallographic cell dimensions, 141 
deficiency of 
growth and, 469 
lactation and, 469 
denaturation of, 129, 143-45 
absorption spectrum and, 143 
activity and, 129 
amino acid composition and, 129 
dissociation of pigment-protein com- 
pounds, 143 
by guanidine hydrochloride, 144 
by heat, 144 
mercaptan groups and, 129 
precipitation, 143 
synthetic detergents, 143-45 
tensile strength and, 144 
viscosity measurements and, 144 
x-ray diffraction measurements of, 
144 
diffusion measurements of, 133 
diffusion rate of, 132 
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Proteins (cont.) 
dissociation of, 142 
disulfide bonds, 122, 140 
electron density projections of, 141 
electrophoretic studies of, 136-37 
fibrous, 138-41 
detergents and, 144 
hydrogen bonds in, 138 
structural pattern of, 138 
x-ray diffraction properties of, 
140 
homogeneity of, 136 
hydration of, 134, 135 
hydrogen bonds in, 138 
hydrolysis of, 121-23 
amino nitrogen liberation in, 121 
ammonia liberation in, 121 
carbon dioxide liberation in, 121 
catalytic function of anions, 122 
disulfide bond cleavage and, 122 
in plants, 624 
rate of, 122 
temperature and, 122 
identification of, 118-21 
immunological use of, 145 
ionization curve of, 128 
lipotropic action of, 214 
in malignant tissue, 495 
molecular shape, 134-36 
dielectric measurements and, 134 
double refraction of flow and, 135 
electron microscope examination of, 
135 
homogeneity of, 134 
hydration and, 135 
methods of studying, 131 
molecular weight determination 
and, 131 
x-ray studies and, 135 
molecular weights of 
analyses of, 132 
determinations of, 131-34 
molecular shape and, 131 
optical resolution and crystallization, 
141 
osmotic pressure measurements of, 


peptide linkages, methylation and, 140 
physical properties of, 131-37 
precipitation, by detergents, 143 
preparation of, 118-21 

by centrifugation, 118 

by electrophoresis, 118 

by isoelectric precipitation, 118 
requirement for, human, 442-43 
sedimentation analysis of, 131 
sedimentation rate of, 132 

detergents and, 132 
sodium hydroxide and, 145 
sub-units in, 139 





ANNUAL REVIEW OF BIOCHEMISTRY 


Proteins (cont.) 
sulfur distribution in, 129 
synthesis of, from non-protein nitroge- 
nous source, 245 
tissue, regeneration of, 241-45 
tyrosine residues in, 129 
viscosity measurements of, 133 
wool production and, 469 
see also Enzymes, Viruses, and spe- 
cific substances 
Protein structure 
amide bonds and, 122 
amino acid side chains and, 138 
antibody synthesis and, 145 
corpuscular, 141—42 
fibrous proteins, 138-41 
amino acid residues in, 140 
periodicity hypothesis, 138 
polypeptide chains of, 130 
glycine residues and, 139 
internal arrangement of, 137 
length of, 130 
pattern of, 130 
side chains 
ionized and polar, 139 
spacing of, 138 
structure-determining role of, 139 
see also Proteins 
Prothrombin 
activators of, 430 
formation of, 430 
hypoprothrombinemia 
dicumarol and, 431 
in newborn, 431 
salicylates and, 432 
vitamin K and, 431 
vitamin K and, 429-30 
Protopine, 541 
occurrence of, 542 
Protoveratrine, 545 
Protozoa 
nutritional requirements of, 454-56 
vitamin synthesis by, 455 
Pseudocholinesterase, 119 
Pterophine, 540 
Purines, 295-314 
as growth factors, 309-11 
metabolism of, 307-9 
preparation of, 306 
Pyridine, 546 
Pyridoxin, 376-78 
bioassay of, 69 
biosynthesis of, 377, 677-78 
deficiency, symptoms of, 378 
determination of, 376-77 
hemoglobin synthesis and, 378 
requirement for, of fungi, 668 
Pyrimidines, 295-314 
biosynthesis of, 680 
as growth factors, 309-11 
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Pyrimidines (cont.) 
metabolism of, 307-9 
preparation of, 306 
Pyrophosphatase, 158-62 
diethyl, 162 
diphenyl, 162 
inorganic 
activation of, 162 
inhibition of, 162 
Pyrophosphate, formation of, 168-69 
Pyruvate 
anaerobic dehydrogenation of, 167 
oxidation of, 166, 167 
Pyruvic acid, dehydrogenase inhibition 
and, 191 


R 
Radiation, ultraviolet 
absorption of, by tyrosine, 128 
vitamin A fluorescence and, 722 
Radium, gene mutations and, 674-75 
Renin 
action of, 43 
origin of, 43 
Rennin, preparation of, 42 
Reproduction 
ascorbic acid and, 394, 479 
biotin and, 384 
calcium and, 473 
manganese deficiency and, 325 
nutrition and, 456-59 
phosphorus and, 472 
a-tocopherol and, 428 
tryptophane deficiency and, 254-55 
vitamin E and, 480 
Reproductive functions, copper and, 327 
Respiration, calcium inhibition of, 190 
Respiratory quotient, of fat, 216 
Retina 
glycolysis in 
carbon dioxide and, 192 
oxygen tension and, 191 
histochemistry of, 712 
Retronecanone, synthesis of, 537-38 
Retronecine, 536-40 
formation of, 539-40 
preparation of, 536 
reduction of, 536 
structure of, 536 
Retrorsine, 539 
Riboflavin, 372-74 
absorption of, 372 
assay of, 372 
carcinogenesis and, 373 
color vision and, 371 
deficiency of 
blood picture and, 373 
corneal vascularization and, 373 
eye fatigue and, 373 
destruction of, in large intestine, 372 


Riboflavin (cont.) 
determination of, fluorometric, 722-23 
excretion of, 372, 451 
thiamin and, 373 
losses in food preparation, 450 
in malignant tissue, 488 
in Malpighian tubes of roach, 709 
in plants, 709 
requirement for, 442-43 
in sweat, 451 
synthesis of, in vivo, 373 
Ribonucleic acid 
diffusibility of, 300 
electrophoretic studies of, 304 
hydrolysis of, 298 
mobility of, 304 
molecular weight of, 295-98 
of pancreas, diffusion constant of, 295 
structure of, 158, 298-99 
of tobacco mosaic virus, 296 
from yeast 
deamination of, 298 
diffusion constant of, 295 
hydrolysis of, 295 
molecular weight of, 296, 297 
phosphatase and, 297 
phosphate liberation from, 297 
structure of, 297 
Ribonucleinase 
action of, 299-301 
products formed by action of, 300 
Ricinelaidic acid 
preparation of, 98 
structure of, 98 
Ricinoleic acid 
preparation of, 98 
structure of, 98 
Rickets 
phosphorus deficiency and, 426 
protection against, vitamin D hyper- 
vitaminosis and, 425 
vitamin D and, 426 
Riddelline, 540 
Rosmarinine, 540 
Rubijervine, 545 
Ruminant nutrition 
non-protein nitrogen in, 245 
protein synthesis of, in rumen, 245 
urease and, 245 
Ruminants, riboflavin synthesis in ru- 
men, 373 


s 


Salicylates, hypoprothrombinemia and, 
32 


Saliva, nitrogen content of, 718 
Salivary glands, iodide excretion by, 329 
Salsoline, source of, 534 

Sanguinarine, 542 

Secretin, 357 
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Senecifoline, 539 
Senecionine, 539 
Seniciphylline, 539 
Serine 
bacterial deamination of, 248 
enzymatic oxidation of, 17 
estimation of, 124 
Serum 
chloride in, 331 
cholinesterase in, 48 
sodium in, 331 
Serum calcium 
hypophysectomy and, 356 
parathyroidectomy and, 356 
Serum proteins 
electrophoretic patterns of, 137 
hepatic insufficiency and, 244 
iodine and, 329 
see also Albumins, serums, and Plas- 
ma proteins 
Sestron, 567 
Shock 
carbohydrate metabolism during, 202 
resistance to, plasma thiamin level 
and, 372 
Skin, vitamin A deficiency and disor 
ders of, 415 
Sodium 
absorption of, 337, 618 
plant nutrition and, 619-23 
Sodium chloride 
animal nutrition and, 471 
carbohydrate metabolism and, 333 
Sodium citrate, lead poisoning and, 327 
Sodium hydroxide, protein modification 
by, 145 
Sodium sulfide, tissue metabolism and, 


Soils 
calcium-potassium ratio of, 615 
deficiencies in, plant nutrition and, 
614-15 
Solanidine, 534, 544 
Soybeans, flower development in, 578 
Spartioidine, 539 
Spermatozoa 
desoxyribonucleic acid in, 303 
metabolism of, 240 
Sphingomyelins 
in blood, 106 
phospholipid-phosphorus metabolism 
and, 499 
Spinal cord, composition of, 109 
Spinulosin, antibiotic action of, 688 
Spleen 
acid phosphatase in, 707 
iron in, 324 
Sprue, lipemia and, 212 
Starch, 59-71 
amyloses from, 65 
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Starch (cont.) 
anaerobic breakdown of, 33 
constitution of, 61-69 
end groups in, 62 
fatty acids of, 70 
fractionation of, 67 
hydrolysis of, auxins and, 644 
methylation of, 62 
molecular size of, 70 
molecular uniformity of, 66 
polymerization of, 66 
repeating units in, 61 
spiral structure of, 62-63 
structure of 
glycosidic linkage, 61 
starch-iodine color and, 69 
synthesis of, 65 
synthetic 
B-amylase action on, 68-69 
assay of, 65-66 
chain length of, 68 
properties of, 68 
structure of, 66 
x-ray diffraction patterns of, 70 
Stasis, serum potassium and, 335 
Stearic acid, 97 
Steroids, 263-94 
A and D homo-, 281-84 
formation of, 281-82 
adrenocortical, 275-81 
androgenic activities of, 284 
bromination of, 268-71 
carbohydrate metabolism and, 275 
color reactions of, 285-86 
dehydration of, 263-66 
distribution of, in urine, 290 
excretion of 
adrenocortical carcinoma and, 290 
age and, 291 
diuresis and, 290 
mammary carcinoma and, 290 
in pilots, “flight conditions” and, 
290-91 
oxidation products of, without side 
chain degradation, 271-72 
side chain degradation, 273-74 
synthetic studies of, 284-85 
in testes, 286 
see also Sterols and specific steroids 
Steroid hormones 
excretion of, 287 
metabolism of, 287-91 
Sterols 
distribution of, 263 
hydrogenation of, 266-67 
metabolism of, 287 
occurrence in soils, 287 
Stomach 
acid formation in, 709 
histochemistry of, 711 
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Stomach (cont.) 
iron absorption from, 323 
see also Gastrointestinal tract 
Strontium, absorption and excretion of, 
330 
Succinate, formation of, 167 
Succinic acid 
biosynthesis of, 694 
oxidation of, 167-68 
Succinoxidase, 20 
action of, 20 
preparaton of, 20 
Sucrose 
phosphate esterification and, 165 
phosphorolysis of, 27, 165 
synthesis of, 8 
in sugar cane, 165 
Sugars, see Blood sugar, Carbohydrates, 
Glycosides, and specific substances 
Sulfaguanidine, anemia and, 385 
Sulfanilamide, bacteriostatic action of, 
647 
Sulfathiazole, ascorbic acid excretion 
and, 454 
Sulfonamides, 388-90 
acetylation of, 13 
action of, 10 
anemia and, 388, 452 
bacteriostatic effects of, 10 
biotin deficiency and, 388 
biotin requirement and, 388 
granulocytopenia and, 386, 452 
intestinal flora and, 388 
leucopenia and, 452 
thyroid enlargement and, 353, 389 
thyroxine synthesis and, 329 
in tissues, 709 
vitamin deficiences and, 452 
vitamin syntheses and, 452 
Synthetic drugs, antispasmodics, 549-74 
action of, chemical structure and, 551, 
570-71 
musculotropic, 552, 553, 556 
neurotropic, 552, 553, 556 
surface tension of, 569 
Syntropan, 555, 560 


= 
Taraxanthin, occurrence of, 596 
Teeth, fluorine storage in, 328 
Temperature, pigment formation and, 
598 
Testalolon, structure of, 286 
Testes 
atrophy of, hexestrol and, 201 
chromosomes of, phosphatase in, 708 
estrogens and, 290 
extirpation of, prostatic carcinoma 
and, 707 
hormones stimulating, 351 


Testes (cont.) 
steroids in, 286 
Testosterone, androgenic activity of, 
284 
Thalictrifoline, 544 
Thiamin 
assay of, 367-69 
azo method, 368 
microbiological, 368 
thiochrome method, 368 
bacterial growth and, 454 
basal metabolism and, 371 
biosynthesis of, 676-77 
in blood, 368 
in brain, 371 
color vision and, 371, 416 
deficiency of 
anorexia and, 449 
symptoms of, 371 
vitamin C requirement in, 398 
determination of, 716 
enzymatic destruction of, 39-40 
enzymatic inactivation of, 369-70 
enzyme inhibition by, 162 
excretion of, 370, 371, 451 
glucose metabolism and, 375 
hypoglycemia and, 372 
intestinal synthesis of, 389 
ketosis and, 372 
in leucocytes, 488 
losses in food preparation, 450 
in muscle, 368 
plant metabolism and, 632 
pyridine analogue of, see Pyrithiamin 
requirement for 
of fungi, 668 
human, 370-71, 442-43 
lactation and, 459 
minimal, 370, 371 
pregnancy and, 459 
riboflavin excretion and, 373 
shock resistance and, 372 
stability of, 368 
in sweat, 451 
synthesis of, diet composition and, 449 
vitamin C synthesis and, 398 
in wheat germ, 462-63 
work performance and, 448 
see also Diphosphothiamin and Vita- 
min-B complex 
Threonine 
enzymatic oxidation of, 17 
estimation of, 124 
nitrogen equilibrium and, 240 
Thymonucleic acid, methylation of, 303 
Thymus gland 
calcium in, 322 
extirpation of, 358 
growth and, 358 
magnesium in, 322 
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Thyroid gland 
activity of, environmental tempera- 
ture and, 329 
basal metabolic rate and, 353 
disease of, blood lipids and, 108 
enlargement of, sulfonamides and, 389 
extirpation of 
blood lipids and, 229 
thyroxine production after, 352 
vitamin A requirement and, 415 
hyperplasias of 
serum phosphatase and, 46 
sulfonamides and, 353 
hyperthyroidism, iodine in serum and, 
329 
studies with radioactive iodine, 352- 
53 
thyroid feeding, liver function and, 
6 


thyroxine synthesis and, 329 
Thyrotoxicosis, 353 
Thyroxine, 254 
preparation of, 353 
production of, 328 
synthesis of, 352 
sulfonamides and, 329 
by thyroid gland, 329 
Tissue metabolism 
oxygen pressure and, 497 
respiration of, increase of, 497 
temperature and, 497 
Tobacco mosaic virus 
dissociation of, molecular weight and, 
133 
molecular weight of, 133 
sedimentation constant of, 132 
a-Tocopherol 
growth and, 428 
reproduction and, 428 
Tocopherols 
deficiency of, symptoms of, 428 
distribution of, 429 
muscular dystrophy and, 428 
Trachelanthine, 540 
Transmethylation, 250-51 
Trasentin, 557-59, 560 
Tricarboxylic acid cycle, 192-93 
Tricarboxylic acids, interconversion rate 
of, 193 
Triosephosphate isomerase, 177 
Trochodesmine, 540 
Tryptophane 
as auxine precursor, 638 
biosynthesis of, 683 
deficiency of 
cataract formation and, 254 
hemoglobin and, 254 
plasma protein and, 254 
reproduction and, 255 
estimation of, 124 
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Tryptophane (cont.) 
lipotropic action of, 214 
liver fat accumulation and, 254 
Tuberculin, electrophoretic analysis of, 
137 
Tumor metabolism, 496-500 
aerobic glycolysis of, 191 
glycolysis of, 496-97 
inhibition of, 497 
respiration of, 496-97 
respiratory quotient of, 496 
vitamin A and, 497 
Tumors 
amino acids in, 493-94, 510 
ash content of, 495-96 
bacterial filtrates and, 508-10 
basal metabolism and, 499-500 
chemotherapy and, 508-13 
citric acid content of, 495 
constituents of, 488-96 
cytochrome-c in, 491 
enzyme content of, 489-93 
d-glutamic acid in, 123 
growth of, 500 
inositol and, 381 
hemorrhage of, 508-9 
heptaldehyde and, 510 
lipids in, 495 
liver arginase and, 490 
liver catalase, activity of, 490 
nucleoproteins in, 494 
phosphatase activity of, 491 
plasma vitamin A level and, 499 
protein in, 495 
sterol balance and, 500 
tissue extracts and, 510 
transaminase activity in, 492 
uric acid content of, 498 
vitamin content of, 488 
see also Malignant tissue 
Tyrosinase 
in eggs, 718 
purification of, 120 
Tyrosine, 252-54 
alcaptonuria and, 252 
estimation of, 124, 125, 127 
phenolic group of, 128 
ultraviolet absorption of, 128 
1-Tyrosine, enzymatic oxidation of, 
17 


U 
Urea 

in blood, salt deficiency and, 331 
chain structure of, 144 
denaturing action of, 144 
formation of, 248-49 

citrulline synthesis and, 249 

in liver, 248-49 

by ornithine cycle, 249 
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Urease, activity of 
dehydroascorbic acid and, 393 
inhibitors and, 44 

Uric acid 
formation of, in vivo, 308 
in tumors, 498 

Uricase, 19-20 

Uridine, preparation of, 305 

Uridylic acid, synthesis of, 305 

Urine 
glomerular, composition of, 710 
insulin in, 354 
phosphatase of, 47 
secretion of, dehydration and, 332, 333 
steroid distribution in, 290 
steroid hormones in, 287 
zinc in, 326 

Urine, pregnancy 
gonadotropic hormones in, 121 
histidine in, 45 

Urocanase 
in liver, 45 
preparation of, 45 

Urocanic acid, histidine metabolism and, 

256-57 

Urogastrone 
action of, 358 
occurrence of, 358 
preparation of, 358 


Vv 


Vagina, effect of pineal gland on hymen, 


Valine 
biosynthesis of, 682 
nitrogen equilibrium and, 240 
separation of, 125 
Verdoperoxidase 
catalytic activity of, 1 
composition of, 1 
Vinylamine, 536 
Violaxanthin, 596 
adsorbability of, 602 
Viruses 
denaturation of, inactivation by, 143 
electron microscope examination of, 
135 
molecular size and shape of, 135 
tobacco mosaic, ribonucleic acid of, 
296 
Vision 
amblyopia, vitamin A deficiency and, 
415 
color 
riboflavin and, 371 
thiamin and, 371, 416 
vitamin A and, 416-17 
Visual purple, phospholipids in, 109 
Vitamin A, 411-22 
A,, 422 


Vitamin A (cont.) 
absorption of, 223 
atropine and, 413 
from intestinal tract, 411-13 
phosphatides and, 411 
acne and, 419 
anoxia and, 414 
in blood, 411 
pregnancy and, 418 
blood lipids and, 418 
bone growth and, 320 
carcinogenesis and, 489 
in carotenoids, 593 
color vision and, 416-17 
dark adaptation and, 416-17 
deficiency of 
amblyopia and, 415 
ascorbic acid synthesis and, 419 
edema and, 416 
in farm animals, 477 
infection and, 477 
skin disorders and, 415 
symptoms of, 415 
tests for, 417 
distribution of, 722 
estimation of, 421-22 
in fatty livers, 499 
in fetal blood, 418 
fluorescence of, ultraviolet radiation 
and, 421, 722 
hypertension and, 414 
in liver, hepatoma and, 489 
liver function and, 413-14 
pigmentation and, 419 
in plasma 
liver damage and, 414 
tumors and, 499 
requirement for 
human, 419, 442-43 
thyroidectomy and, 415 
storage of, 413, 477 
in liver, 413, 418 
tumor metabolism and, 497 
utilization of, phosphatides and, 412 
Vitamin B, deficiency of, liver function 


and, 290 

Vitamin B,, deficiency of, amino acids 
and, 391 

Vitamin B,,, feather development and, 
390 


Vitamin B,,, growth and, 390 
Vitamin B-. 
anemia and, 385 
composition of, 385 
in liver, 385 
preparation of, 385 
properties of, 385 
Vitamin B complex, 390-91 
assay of, 709 
deficiency of, 390, 448-49 
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Vitamin B complex (cont.) 
deficiency of (cont.) 
anorexia and, 449 
fatigue and, 449 
in farm animals, 478 
liver function and, 397 
dermatitis and, 390 
factors of, unidentified, 390-91 
perosis and, 390 
requirement for 
of fungi, 668 
of malignant tissue, 488 
see also Riboflavin, Pyridoxin, etc. 
Vitamin C 
abortion and, 431 
calcium metabolism and, 320 
histochemistry of, 712 
requirement for, thiamin deficiency 
and, 398 
sunlight and content in food, 392 
synthesis of, by fungi, 669 
see also Ascorbic acid 
Vitamin D, 422-27 
D, and D, 
hypercalcemia and, 423 
mineral metabolism and, 423 
activation of, 426 
calcium retention and, 317, 318, 427 
citric acid in bone and, 319 
decalcification and, 422 
deficiency of 
in farm animals, 479-80 
osteoporosis and, 423 
determination of, 426-27 
diestrus and, 424 
hemoglobin formation and, 423 
hypercalcemia and, 318 
hypervitaminosis, 425-26 
effects of, 425 
rickets and, 425 
mineral metabolism and, 422-24 
requirement for, 427, 442-43 
Vitamin E, 427-29 
deficiency of 
blood lipids and, 214 
brain cholesterol and, 229 
capillary permeability and, 428 
metabolism and, 427-28 
muscle and brain cholesterol and, 
427 
muscle lipids and, 111 
tissue oxygen consumption and, 
224-25 
determination of, 429 
lipocaic formation and, 214 
in malignant tissue, 489 
neuromuscular regeneration and, 428 
properties of, 429 
reproduction and, 480 
see also Tocopherols 
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Vitamin K, 429-33 
abortion and, 431 
intestinal synthesis of, 430 
prothrombin activity and, 429-30 
Vitamin M, 391 
Vitamin P, 395 
assay of, 395 
sources of, 395 
Vitamins 
assay of, 395 
coenzyme activity of, 632 
deficiency of 
effects of, 396-98 
sulfonamides and, 452 
fat-soluble, 411-40 
dietary factors of, 433-35 
loss in sweat, 451 
requirement for 
climate and, 451 
of fungi, 668-69 
sources of, 395-96 
storage of, in liver, 398 
synthesis of 
by fungi, 671, 676-85 
sulfonamides and, 452 
in tumors, 488-89 
water-soluble, 367-410 
excretion of, in sweat, 398 
L. casei factor, 385 
hormone activity and, 399 
nomenclature of, 367 
Streptococcus lactis R factor, 385, 


386 
Ww 
Water 
calcium in, 316 
fluorine in, 328 
Water balance 
dehydration 
blood volume and, 332 
effects of, 332 
glomular filtration rate and, 332 
rehydration after, 332-33 
salt excretion and, 332 
edema, 331 
vitamin A deficiency and, 416 
extracellular fluid volume, 330-31 
see also Blood volume and Cell per- 
meability 
Wool production 
copper deficiency and, 476 
methionine and, 469 
protein and, 469 


x 
Xanthophylls 
absorption spectra of, 603 
occurrence of, 594, 595-97 
in plants, 593, 594 
see also specific substances 
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X-ray studies 
of fibrous proteins, 138 
of molecular size and shape, 134 
of protein structure, 135 


= 


Yeast 
acetic acid oxidation by, 194 
antioxidant effect of, 224 
citric acid cycle in, 15-16 
dehydrogenases and, 196 
hexokinase from, 172 
invertase from, 119 
nicotinic acid synthesis by, 375 
Pasteur effect in, 174 
rachitogenic agent in, 319 
vitamin requirements of, 672 


Yeast carboxylase, 39-40 


Z 
Z factors, 670 
Zeaxanthin, occurrence of, 595 
Zinc 
accumulation of, 326 
animal nutrition and, 476 
distribution of, in body, 326 
excretion of, 326 
in urine, 326 
Zymohexase, 8 
action of, 31, 190 
preparation of, 119, 190 
sources of, 31 
structure of, 190 
Zymosterol, hydrogenation of, 267 





